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Abstract

A unified model IS presented that quantitatively interprets the observed characteristics
of the nuclear train,the two dust trails, and the tail region of /Shoemaker-L evy 9 in
terms Of a collisionally modified rotation velocity distribution of the comet’s debris. The
disruption of the parent comet was due primarily to tidal stresses during its extremely
close approach to Jupiter in July 1992. The original nucleus is found t0 have been at
least ~4.5 km in radius or, equivalently, ~10'" g in mass, The dynamical separation of
the debris occurred most probably ~1.5hr after the perijove passage, even though the
actual fragmentation Of the original mass is likely to have begun before closest approach.
Physical breakup was accompanied by ubiquitous low-velocity collisions among the par-
ticulates, 1esulting in @ rearrangement Of the initial rotational velocities into a rapidly
“thermalized” distribution, characterized by along tail of relatively high velocities for
centimeter-sized and smaller fragments. The period of intense particle-particle collisions
is estimated to have continued for at least ~0.1day, at which time the radia differential
perturbations by J upiter and orbital-velocity differences began t0o dominate the relative
motions of the debris. The particle mass distribution appears to be fairly flat, « m=1dm,
for centimeter-sized and larger fragments, but steeper than m2 dm for the microscopic.
debris. The fine dust contributes much Of the total observed cross-sectional area, but
its share Of the total mass of the assemblage is negligible. The effective radii of the
21 largest fragments range from <1 kinto >2 Kin, based 011 Weaver et al.’s  993) results
and 011 constraints implied by our model. The debris populating the west- southwestern
trail appears to be predominantly pebble. and boulder-sized, while the debris in the
cast-northeastern trail iSmostly subcclltill~etcl-sized, The diffuse sector to the north
of the trails (including the tails of the individual fragments) consists primarily Of mi -
croscopic dust, sub jected to appreciable effects of solar radiation pressure. Predictions
arc presented for the projected lengths and position angles of the nuclear train, the dust
trails, and the tail region between nid-December 1993 and mid-July 1994. Also predicted
arc projected separations of the 2] nuclei and estimates for the impact times and other
circumstances Of the comet’s encounter with Jupiter in 1994.




1. IN’T’1LODUC7’10N: THII; CURRENT STATUS

The aim of this investigation is tointerpret the unique appearance of Periodic Cornet
Shoemaker- l.evy 9 andto understand the object ‘shistory and especially the circumstances
of its breakup atthe time of its exceptionally closc approach to Jupiter on 8 July 1992. The
comet’s observed appearance (Fig. 1), which hasnot changed dramatically since discovery
inlate March 1993, can be described as follows: (i) the most spectacular feature is atrain of
as many as 21 nuclei, which line up al most perfectly in a direction from the cast-northeast
to the west-southwest; the train’s length had increased from ~50 arcsec at discovery to
~70 arcsec by mid-July of 1993; (ii) extending from the nuclear train on either side arc
dust trails, the west-southwestern branch having been reported as counsistently the longer
of the two and aligned perfectly (within errors of observation) with thenuclear train;the
cast- northeastern branch appears to be slightly bent relative to the nuclear train, making
an angle with the cast-west direction about 4° greater than that of the nuclear train and
the west-southwestcml trail; (iii) the nuclear train and the two trails make up a boundary
of anenormous sector of material that stretchesto thenorth of it, gradually fading out;
the wide section of this feature that is outside the nuclear train appears to be virtually
structureless, but the band of debris that issues from the nuclear train displays a set of
parallel, fairly narrow tails that extend to the west-northwest and whose roots can be
identified with some of the individual nuclei.

Scottiand Melosh (1993) have proposed that the cornet’s tidal disruption was due €1 -
tirely to radial diflerential perturbations by Jupiter, and found that the observed temporal
variations inthe apparent length and orientation of the nuclear train can be predicted 011
the assumption that the breakup occurred exactly at closest approach to Jupiter and that
theimplied nuclear diameter of the progenitor comet was ~2 km. This result is inconsistent
with the dimensions of the comnet’s fragments determined photometrically {from observa-
tions made with the Hubble Space Telescope (Weaver et al. 1993). On certain assumptions,
the brightest fragment was found to have an cquivalent diameter of 4.3 kmand 10 others
diamecters between 2.5 and 3.9 km. The equivalent diameter of a sphere that would contain
the mass of these 11 fragments alone is already ~8 kin. Accounting for additional contri-
butions from the remaining nuclciand from the large amounts of dust, one obtains anore
probable estimate of 9 km for the nuclear diameter of the parent comet, whichisa factor
of alinost 5 greater than Scotti and Mclosh’s dynamically derived value. To explain this
discrepancy, the brightness of each fragment would have to be overestimated by more than
3 magnitudes or the geometric albedo underestimated by a factor of 20 or more! While
Weaver et al. have remarked that the derived nuclear magnitudes may not be entirely free
from residual dust contamination in the central pixel, the effect is rather insignificant.

The inconsistency betweenthe two estimates could be removed by postulating a highly
clongated shape of the original nucleus ant] assuming that the photometric results refer
to its maximum cross section and the dynamical information to its minirnum dimension.
However, this ad hoc explanation cannot be upheld, since it requires that the parent
comet’s nucleus split along its shortest (and therefore the least likely) body axis and that all
11 photomectrically measured nuclei projected their maximum cross-sectional areas toward
Earth at thesame time. Rather than subscribing to such a vulnerable hypothesis, we have
searched for alternative dynamical solutions that would be moreinline with the evidence
presented by Weaver et al. (1993).




2. IMPROVED ORBIT DETERMINATION

Both the model development and the comet’'s highly probable collision with Jupiter in
late July 1994 give a certain urgency to the cfforts to compute accurately this object’s
orbit and predict its future motion. Unfortunately, computations to determinethe orbital
characteristics of P/Shocmaker»Levyg have been hampered try a lack of astrometricin-
formation pertaining to the individual nuclei. Almost all the absolute astrometric data
received to date refer to the midpoint of the nuclear train and this position is not necessar-
ily the comnet’s center of mass. ‘1'able 1 presents the heliocentric and jovicentric orbits for
the comet based upcm 157 astrometric positions spanuing the interval from 1993 March 17
through July 11. Although the comnet is inaloosely bound orbit about Jupiter, the orbit is
first computed in the heliocentric reference frame (J2000) and then converted to the jovi-
centric reference frame. It is this latter frame that is employed in the subsequent analysis.
The JPL planetary ephemeris D200 (Standish 1990) has been used in our analysis. In
the orbital solutions, the observed and computed positions are subtracted to form observa-
tion residuals and theinitial orbital paramecters are adjusted by a least squares differential
correction process until the root- mcan-square value of these residuals reaches a minimum.
Because of the peculiar nature of the object’s image and the confusion as to which point of
the nuclear train was measured, many of the observations had to be eliminated as discor-
dant. The final root-mean-square residual of the 157 retained observations is 1,37 arcsec.
Because the cored is in aloose orbit about Jupiter, the perturbative accelerations from
the Sun arc unusually large and the characteristics of the heliocentric and jovicentric orbits
change constantly with time. The following osculating orbits arc appropriate only for the
instant of the given epoch. The orbital data for the 21individual nuclei based on their rel-
ative astrometric observations (J ewitt 1993, Weaver et al. 1993) required a specia strategy
and their analysis is postponed to Sec. 8.
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3. NUCLEAR TRAIN AND DUST-TRAIL DYNAMICAL CONSTRAINTS

A number of numerical integration runs were made to investigate the comet’s motion
about Jupiter. Fach time beginning with the nominal jovicentric orbit represented in
Table 1, we assumed that the comet tidally disrupted at or near the 1992 perijove time
and numerically followed the comet’s subsequent motion as it evolved under the influence
of solar and planctary perturbations. For each nuinerical experiment, the comet’s nominal
orbit at the assumed time of disruption was varied by one or more components in its
position or velocity vector.

Asa check of our computations, wc used the initial conditions and assuinptions employed
by Scottiand Mclos]i (]993) arid closely reproduced their results. Wc then substituted our
more recent initial orbit (Table 1) and continued the analysis. Assuming that the tidal
disruption occurred exactly at the July 1992 perijove, wc could reproduce the length and,
approximately, the position angle of the nuclear train over a period of March 27-July 17,
1993, derived from high-precision positional data (Jewitt 1993, Weaver et al.1993), by em-
ploying cither a difference in the distance from the comet’s center of mass of Ar = 0.89 kin
along the Jupiter- comet line or by introducing an impulse, in the direction of the orbital
velocity, of AVyn,=().]187m/s. ‘1'bus, interms of the nuclear train observations, either
a small radian separation of the fragments at disruption or their small velocity increment
(or a combination thereof) would result in their same apparent evolution. On the other
hand, none of the remaining initial position or velocity components had a mecasurable effect
upon the evolution of the fragments in the train, as seen from Farth. Wc next varied the
time of disruption, 1y, and found that it critically aflected the results in @ highly nonlincar
fashion, as seen from ¥ig. 2. The curves can closely be reproduced by differential forms of
the virial theoremn, employing a quasi-parabolic approximation and assuming a spread of
APy= 555 clays among the osculating jovicentric orbital periods of the fragments. The
cquivalent values of Ar (in km; at AV, = O) and of AVyn, (in m/s; at Ar = O) arc

__TABLE 1. Orbital parameters for Periodic comet Shoemaker- Levy 9.

Heliocentric orbit (J2000 ecliptic reference fraine)

Epoch (TDRB) 1993 Aug. 1.0

Fccentricity 0.04989254:0.0002306
Perihelion distance (All) 5.0028102 - 0.0007084
Perihelion time (TDR) 1997 Nov. 29,177775 4 6.3198
Argument of perihelion 32°.8878195 4 0°.4651962
Longitude of ascending node 297°.05377743 0°.0408877
Inclination 1°.11056584 0°.0002375

Jovicentric orbits (32000 ecliptic reference frame)

Fpoch (TDHB) 1992 July 8.0 1994 July 21.0
Eccentricity 0.9959494 0.9987037

Perijove distance (km) 112820.73 35721.56

Perijove time (TDB) 1992 July 8.01997 1994 July 2).21845
A rgument of perijove 254°.47689 274", OG310
Longitude of ascending node 50'.65833 44°.75213
Inclination 63°.59388 76°.77102

*The errors arc 1-0 foral solution uncer tainties.
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where ky=1.12564 x 10'km3 /s is the Gaussian gravitational constant for Jupiter, g; and
Py are the comet’s perijove distance (in kin) and its jovicentric orbital period (in s) at
the osculation time of July 8,1992 (J able 1and Scc. 2), and the dimensionless quantity
z is the jovicentric distance at breakup in units of ¢;3. In a parabolic approxination, z is
related to the time interval between breakup and perijove, o -- 75 (in days) as follows:

llo-- T3] = 0.018368Vz~1(24 2), 2 > 1. (2)

For iy, =143, we have, of course, 2 = 1, whereas for 1= 7544 0.05, 0.10, 0.15, and 0.20 clay
z 1S, respectively, 1.579, 2,478, 3.339, and 4.142.

There also is a small effect in the position angle of the train. For 1, = 75 the calculated
position angle varies from 257°5in late March to 255°5 1 mid-July 1993 regardiess of the
assumed scenario. A change by 4 0.1 clay inthe tine of breakup shifts the nuclear train
orientation by up to --0.5 in either approach (Ar or AV,yn,). For a change by --0.1 day,
the respective change is + 0°5.

The above conclusions also largely apply to the dust trails, except that the separation
effect is conisiderably greater. In order to ascertain existing observational constraints, we
list, in ‘1’able 2, allinformationon the dust trails- as well as the tails- that we have been
able either to findin the literature or to derive from available images. Inspection of the
table shows that any interpretation should explain the trail extent,in late March 1993, of
up to at least 10.5 arcinininthe west-southwestern direction and at least 6.2 arcmin in the
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cast-northeastern direction. If the comet broke up exactly at perijove, the required radial
separation for the west-southwesbml trail is Ar= 422 km, whereas the orbital-velocity
increment is AVeon, = 44.7 m/s. For the east-northeastern trail the respective numbers are
Ar=—13 kimand AV, = --2.7 m/s. For the debris that physically separated somewhat
before or after the closest approach,mmuch greater values of Ar or a little greater values of
AVen, arc required (Fig.2). It is shownin this paper that even though the particle-rwlcasc
mechanisins are different, the properties of dust in the trails of P/Shoemaker- L.evy 9 arc
similar to those of particulate materialin the trails of several short-period comets (c.g.,
Sykes ¢t al. 1990, Sykes and Walker 1992), whichled us to accept the satne terminology.

Dust particles relecased during the breakup ant] subsequently affected, to an appreciable
degree, by solar radiation pressure were found to line up, from cach “parent” fragment in
the train, at a position angle of 280° in late March, 270° inlate May, and 2710 in mid-July
] 993. Loocations of dust particles subjected t0 radiation-pressure accelerations of 1% of
the solar attraction were between 0.6 and 0.9 arcmin from the nuclear train inlate March
through mid-July, with the minimum projected distance reached in May. Both the length
and orientation of the tails arc insensitive to the time of breakup, We also calculated effects
due to the hight reflected from Jupiter and found them negligibly small.

The high correlation between the dispersion eflects by the jovian radial perturbations
on the one hand and by slight changes inthe orbital velocity 011 the other is illustrated
inIiig. 3, in which the nuclear-train solutions arc plotted for several assumed times Of
disruption around the 1992 time of closest approach to Jupiter. This relationship, too, is
predicted by the virial theoremn. In @ parabolic approximation, its form is:

TABLE 2. Observations of dust trails and tails of Periodic comet Shoemaker- Levy 9 (1993c).

Dust trails

Fast-northeastern ~ West-southwestern Tails
Date 1993 Length  Position  Length  Position Length® Position Observer(s)
(133) (arcmnin)  angle (aranin) a n g | e (arcmin) angle & reference

Mar. 26.30 4.20 Iy 6.89 260° 1.34 286° Scotti (1993)

28.02 0.7 72 2.3 256 1 300 Cavagna et al. (1993)
28.24 3.96 72 >4.37 258 121 285 Scotti (1993)

28.29 73t 258° Wisniewski (1993)
30.31 6.16 75 1043 260 Scotti (1 993)

312 292’ Helin (1993)

Apr. 1.71 29 77 34 258 Nakamura (Green 1993)
14.59 34 71 33 256 Nakamura (Green 1993)
14.63 2 70 5 255 Urata (1993)

17.58 3.0 70 36 257 Nakamura (Green 1993)
25.52 2.3 74 4.8 256 Nakarnura (Green 1993)

May 15.61 25 75 3.0 256 Nakamura (Green 1993)
17.84 10 ~260 Mikuz (Green 1993)
20.61 255 Nakamura (Green 1993)
25.60 2.8 Nakamura (Green 1993)

E'f‘d’éﬂ«'ﬁiéé’ ﬁ?%zaé]cﬁf the brightest fragment.

anina.

c
Measured by 7. Sekanina and R. A. Bambery.
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A‘/orb(t(l) = A - 1; . A?‘(to), (3)

where the coeflicients A (in m/s) and B (in In/s/kin) are

A = AV (1) = 0.187 2'/2

Ar =
AV (1) (4)
B ———lbr=0, 0,210 2~ 3/2,
A'I (io) AV =0

and z has the same meaning asin (1) and (2).

An obvious inference from the (Ar, AV, ) correlation and its dependence on the time
of disruption is that Scottiand Melosh’s (1993) very tight constraint on the parent comet’s
nuclear size IS suspect on dynamical grounds. We develop an approach that alows us to
consider both sour-cm of dispersion effects and to interpret the tidal splitting as a time
dependent process rather than a sudden event.  This approach opens up an attractive
opportunity for modeling the nuclear train, the dust trails, and the entire tail region as
different manifestations of the breakup and as products of the same physical and dynam-
ical conditions that accompanied it. These conditions arc, in part, detm-mined by (i) the
parent comet’s state of rotation at the time of byeakup and (ii) the inevitable gravitational
perturbations and collisions among, individual pieces of the debris during a subscquent
limited period of time. An important characteristic that describes the environment of
these particle interactions is the velocity distribution of the debris. A crude estimate for
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aninitial particle velocity is provided by the surface escape velocity, Vesc, which for a sphere
of radius R (in km) and average bulk density p (in g/cm®) amounts (in m/s) to

Viee = 0.75 Ry /p. (5)

Because of the extremely Jow coliesion strength indicated by the comet’s tidal breakup
(Sckanina 1993, Scotti and Melosh 1993), we prefer a low density of p = 0.2 g/cin®, which
for comnetsin genera] was also inferred fromn other evidence (e.g., Rickman 1986). This
density yields Ve = 11m/s for a nucleus 3 ki in radius and 0.23 x 10" gin mass; and
2 m/s for a nucleus 6 km in radius and 1.8 x 10" g innass. On arotating nucleus the
escape velocity canbe lower or higher than the value given by (5), depending on the
direction of the released material (Dobrovolskis and Burns 1984). A rotationally unstable
object, which spins with anequatorial velocity greater thanthe (appropriately corrected)
escape velocity, has a rotation period shorter than the critical valuc of Ferit = 3.30 p 7,
cqualto 7.38 hr at the above low density. 1t is obvious that in the course of tidal fracture
the neighboring fragments of the parent nucleus are relcased with typical relative velocities
that arc only a small fraction of 1 I/s. In the following we distinguish between the nuclei,
which we usually call fragmentsor large fragments, and the remaining dust material, which
we call (dust) particles or particulate debris or just debris.

Since the axis of maximum tension is aligned with the radial direction to the perturbing
planet, the tidal disruption wWill tend to proceed along the stress planes that are normal
to the comet- planet linc (Aggarwal and Oberbeck 1974; Dobrovolskis 1990). Disregarding
the post-breakup interactions for a moment, we consider three particular rotation states
for the original nucleus at the time of splitting that coincides with perijove. If the spiu
vector is inthe orbits] plane and oriented per pendicularly to the comet- Jupiter line at
breakup, the rotation velocities of neither the large fragments nor the particulate debris
in the trails will contribute to the transverse direction. 1'hus, the observed considerable
extent Of the trails cannot be explained, interims of this highly idealized model, as a result
of tidal fracture of an inactive comet nucleus. If the spin vector is normal to the orbital
plane, the combined dispersion eflects of Jupiter’s radia differential perturbations and of
the transverse component of the rotation velocity on the large fragments and the trail
debris will be comparable. The difference in the extent of the nuclear train and the dust
trails is thus once againnot qualitatively understood. Consider next a scenario in which
the spin vector points at Jupiter. Since the stress planes are now cut along the paralels of
cometocentric latitude, the centers of nass of the large fraginents will be located on (or, for
an irregular nucleus, very mnear)therotation axis and they will receive a rotational- but no
translational- momentumat breakup. ‘1'bus, the dispersion effect on the large fragments
will be duc entirely to the differential perturbations, as assumed by Scottiand Melosh
(1 993). On the other hand, the rotation will impart some translational inomentumnin the
transverse direction to the debris, except for particles distributed along the meridian that
lies i the orbital plane at the time of splitting. In addition, al particles coming from
locations outside the equatorial planc will be subjected to radia diflerential perturbations
by Jupiter. Thus, of the three scenarios considered, only in this third one will there be
a qualitative difference between the dispersion effects on the large fraginents and on the
particulate debris, Jiven without considering tbc post-breakup interactions,it is apparent
that the spatial distributions of the tidal-fracture products will be aflected by the progenitor
comet’s spill-vector orientation at the time of splitting.




4. FARLY EVOLUTION OF THE DEBRIS: GRAVITATIONAL
AND COLLISIONAL INTERACTION

To illustrate the role of gravitational perturbations among the individual pieces of the
debris immediately following the breakup, we compare the gravitational acceleration ¢ by
alarge fragment, of mass Mi, at a distance ry,

GM,
e o (6)

with Jupiter’s differential gravitational acceleration Avy; over a span Arjin the radial
direction and at a distancery from the planet,

2GM
Dy = '__Tf{‘:!' Ary, (7)

rj

where G = 6.67 x 10-8cin®/g/s?is the gravitation constant. Taking A4J =1.9x10% g,
r; = 1.13 x 10°km (Jable 1), and, for a large fragment, A4,~10' g we find that the con-
dition Av; > ~; is satisfied only when Ary >> 1.6 km. Thus, the gravitational attraction
by the large fragments is not entirely negligible in the early post-breakup period, especially
not on particles for which the point of closest approach to such afragment is located in or
near the plane perpendicular to the comet- Jupiter direction, where Ayy 2 0.

To estimate the magnitude of anintegrated eflect by alarge fragment, we consider a dust
particle moving in a hyperbolic grazing orbit relative to the fraginent. Since the escape
velocity from any fragment is significantly lower thau that fromn the original nucleus, it is
likely that initial rotational velocities of some particles already exceed afragient’s escape
velocity. It canbe shown that, within a distance r¢ from the fragment, the total change,

AV, in the particle’s velocity due to the encounter is

no

AV(re) = |7¢], 8

~ 1

where ¢ > 1 is the eccentricity of the grazing orbit. in the limit

A‘/o:, = ]i]n A‘/('I‘f) = __-;-:',, (9)

T{=—100

where V, is the particle’s pre-encounter velocity relative to the fragment ‘(at infinity.> If
Vese IS the surface escape velocity from the fragiment and if we define

Veo
T = (lo)

Y
Vee

we have e = 14 2/2? and can write (9)in the forin:

A‘/o:m = ""'J—:r_:; Vesc- (11)



The function of z reaches a maximum value at z = v/2, when Vi, :Vm/\/i,cr 2, and

v
7 = ¢

max(AV,, 7 (12
For the largest fragment of P /Shoemaker- Levy 9, for which Weaver et al. (] 993) derived
2R = 43 km, Fq.(5) yields Voo = 0.7 m/s whenp ::70.2 g/cm3 Thus, the velocity changes
due to encounters among low-density fragments never exceed a fraction of | m/s. This is
especially so, because the typical time scale onwhich most of the integrated eflect of
a single encounter occurs is fairly long, on the order of 0.1 day or more and there is no
time for any particle to undergo many such encounters before the debris disperses in space.
We show below that collisional lifetimes and mean free paths of the particulates are so
short inthe early phase of the debris evolution that no encounter event can be completed
uninterrupted by the collisions, during which a particle's velocity changes stepwise on
a time scale of a fraction of one second. Grazing encounters between two large fragments
arc even lcss likely because of the limited number of these objects. The resulting velocity
changes AV,, arc also smaller than for the grazing encounters between alarge fragment
and a small particle, because of stronger constraints onthe minimum distance between
the centers Of mass. These conclusions are consistent with the estimate of ~0.2m/s for
the orbital-velocity increment that we established inSec. 3 from the length of the nuclear
train. On the other hand, the velocity dispersion of up to ~5 m/s (at Ar = 0), derived
from the length of the west-sout}lwcstcrll trai], does not appear to be an accumulated
cflect of fragment- particle grazing cucounters and another mechanism is necessary for its
explanation.

1t is proposed that particle particle collisions provide the answer, if their rate is high
cnough and their character helpful inbuilding up the momentumn for at least a fraction of
the particle population, To address these issues, we consider a particle of radius s that,
at a timet shortly after the splitting of the nucleus, moves with a velocity V{(t). During
a time interval At it collides with x (s (9)*V(1)At. No(1) target particles, where No() is
the spatial number density of the particulate debris at the time and (S) is a characteristic
size of the targets. The particle’s mean frec path can be approximated by

1
7r (s—if (S))QAIQ(i),

where the number density canbe writtenas a ratio of the total number of particles, N(1),
and the volume of space they occupy, 24(t). Assuming that, ever since discovery, the comnet’s
dust cloud has been optically thin, the total cross-sectional area A of the debris can be
approximated using the comet’s total brightness. Calling 11, o, (1) the magnitude, at a
time {, that is normalized to 1 AU {from both Earth and the Sun by the inverse square law
of geocentric and heliocentric distances, onc has for A(t) (in km’)

£(t) = (13)

1 .4‘2 % 106~ 0-4Hnorn (1)
A(R) = — - , )

where p is anassumed geometric albedo of the particulate debris. As seen below, the
results also depend on the assumed phase- effect correction.
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A total of 30 consistent integrated-brightness estimates, obtained by 8 observers between
March 26 and July 17, 1993, have been selected (Green 1993, Bortle 1993, Meyer et al.
1993, Scotti 1993) and converted into a standard visual-magnitude system. T'wo additional
July data points, grossly inconsistent with each other, have beenignored. If the gradua
decrease in A (Fig. 4) is due to a dwindling surface brightness of a slowly expanding dust
cloud formed inthe wake of disruption and newer replenished, the rate of decreasc in the

observed cross-sectional area, dA/dt, will vary approximately as theinstantaneous cross
section A, and the expected temporal dependence will follow a simple law:

A(t) = Agexp [~ $(t—to)] (15)

when-c Ao is the true cross- sectional area of the debris and ¢ is a constant. The rate of
change in the normalized magnitude My, With time is then equal to o /d =1.0864).
I practice, uncertainties in determining 4, stem both from the necessity to extrapolate
over more than 8 months Lack intime and fromlow accuracy of the brightness estimates.
For an assuined geomnetric albedo of 0.04 and a phasc effect of 0.035 mag/deg, least, squares
solutions to the data pointsin¥ig. 4 yield Hona(lo) = 2.584 0.22, & = 3.3%597 million km?
and % = 0.0083 :£0.0007/day, while Hyorm (o) = 1.5130.24, Ao = 8.81?:—2, million km? and
¥ =0.0122+4 0.0008/day when 110 phasc correctionisapplied. The first optionscems a more
likely case, because it predicts the comet to have been of an apparent visual magnitude of
~1 0.5 immediately following the breakup, whereas the other scenario would make it then
just about magnitude 9 and thus Icss apt to escape detection at a time when Jupiter’s
clongation from the Sun still exceeded 50°.

The total number of particlesinthe cloud of debris can now be written in terms of the
cross-sectional area do and the incan quadratic dust-particle radius (s2)'/2:

N = -;I—é%-) (]G)
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The volume of space that was occupied by the debris at a timmet shortly following the
breakup is approximated by assumning an initially uniforin isotropic expansion of the orig-
ind volume of the nucleus. If the comet’s equivalent pre-breakup nuclear radius was fg
and therate of expansionV,, the volume I/ at tis simply given by:

3
U(t) = 4 [Io 4 Vo(t- to)] ", (17)
where foindicates, as before, the time of splitting. A particle mean free path now becomes:

)z ——nnnionee 2 [l 4 V(- 1)) (18)
3Ao(a+ )

Evidence points to a very low initial expansion velocity Vg, probably on the order of a few
tenths of 1 In/s, in which case Vo(t—10) << K, for an hour or so after the breakup, depending
onthe size of the original nucleus. For a particle whose s~ () ~ (s?)!/2, the initial mean
free path is a function of IRy and Ay only. This condition applies, for example,inthe case of
a size distribution of 2s+s for particles whose dimensions are equal to a geomnetric mean
of the distribution]’s largest and the siallest size. Fven with Kq as large as 5 km (Sec. 1),
the mean free path amounts to less than 10 cin and each particle collides, onthe average,
ten times OF SO every second. For boulders and especially thelarge fragments the mean
free path is many orders of magnitude sialler, which indicates that they must have been
subjected to an intense (but low-velocity) bombardinent by smaller debris. l.ater, when
Vo(t - 1o) >> Ry, the mean free path would increase as (1 - 10)°, but by then the various
assuiptions made--in particular that of a uniform isotropic expansion- may no longer
hold even approximately. The mecan free path can also be used to estimate the interval of
time during which particle- particle collisions were important. Their total number, »(1),
experienced by a single grain between lo and 1 is

-2
Rol
v(l) = ﬁ{l -- [1 + =2 (t to)] 1}, (19)

where £, = £(1p). From this expression it follows that- to the extent of its apphcablllty»
50% of all collisions occurred during 1-1to < 0.41%/Vo, 75% during t—1o <1/ Vb,
90% during t t—to <2 2]{0/ Vo, that is, on the order of 0,1 day or so. The total numbcr of
collisions that each particle undcrwcnt is estimated from (19) to be on the order of 10°.
It is thus certain that particle particle collisions must have played a major role inthe
redistribution of the initial rotational velocities of the particulate debris. We now turn to
the questions of what was the probable character of the collisions and what was their eflect
onthe velocity field of the debris.

5. COLLISIONAL DISTRIBUTION OF PARTICLE VELOCITIES

Hartmann (1978) carried out laboratory experiments, in which he studied mechanics of

low-velocity collisions, e dropped centimeter-sized projectiles of three different materials
into flat rock targets and examined the critica impact velocities at which the projec-
tiles began to fragmment. The most intro esting results for cometary applications arc those
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made with dirt clods, dry silicate particles reseinbling low-density aggregate grains, of
which comet nuclei arc believed to be largely made. ‘Jheir catastrophic disruption, which
Hartmann defined by a ratio of 4 <3between the mass of the largest fragment and the
original mass, was observed by him to take place mostly at impact velocities of ~2 In/s,
even though the scatter on the plot is considerable, showing data points with j=0.76 at
an impact velocity of 3.3 m/s and u=0.65at 4.7 in/s. Wc notice that thesec velocities
are of the same order of magnitude as the orbits]-vc]oc.ity increment needed to explainthe
extent of the dust trails of P/Shoemaker-Levy 9. Hartmann aso examined the degree of
elasticity of the coallisions, showing that even for high-density particles made of natural ig-
neous rocks, the rebound velocities were generally only 25% to 60% of the impact velocities
and much lower in the presence of any regolith.

To examine the collisional evolution of the ])articlc-velocity distribution, we begin by
considering anoblique collision between two spherical particles of masses m; and m2. We
introduce an inertial coordinate system, in which velocity vectors are referred to the center
of mass of the parent comet. Since the impact vector (defined by the line of centers of
the two particles and the contact point) is randomly oriented with respect to the pre-
collision directions of motion of the particles, the axes of the coordinate system arc most
conveniently chosen with the z-axis along the impact vector and the y- and z-axes in
the tangential plane of the colliding particles. The degree of elasticity is expressed by the
cocflicient of restitution k, which decreases from unity for perfectly elastic collisions to zero
for completely inelastic ones. Let the approach (pre-collision) velocity vectors of the two
particles in this coordinate system be, respectively, (V1 )pre = { (21 )pres (91 )pres (21 )pre} and
(V2)pre = {(32)ures (#2)pres(23 e and similarly for the rebound (post-collision) velocit
vectors, (V1 )pest and (V2)post-  Further, let (V1)pre = (V2 )prel and (V1 )post = |(V])post )
and similarly for particle 2. The rcbou:)d-velocity components are related to the approach -
velocity ones by (Osgood 1 949):

(1—Kpta1) (21 )pre 4 (14 F)pi21(32)pre

(il)post = 1 ’ ("/1 )post = (yl)pm (él)post = (z'l)pm’
+ i
(20)
. T4 R (@) )pre 4 (121 —K)(22)1re . . . )
(372)]»051 == ( )( ])' 1 5112]2] )( 2)I ) (yZ)post = (yQ)I»re, (22)l)ost = (22)Imca

where ft21 = ma/m;.

Collisional random-walk effects on the velocity field were modeled by applying a Monte
Carlo approach. The test particle (particle 1) was ‘(launched” with aprescribed velocity
Viwit = (V1 )pre in @ random direction, defined by an azimuth angle (@1 )pres which varied
from 0 to 27 in the tangential plane and by an angle (f;),re, between O and », which the
velocity vector makes with the normal to the plane,

(il )pm COS(,HI )pxe
(3.11 )prc = vinit COS(Q’I )pw Si“(ﬂl)pn’: . (21)
(21)pre sin(eg )pre SIN(B1)pre

For particle ‘2 one random number specified its relative mass /t21and three imnore random
numbers its pre-collision orbital velocity vector, (‘/z)pm,(GQ)Pma and (B2)pre - From (20) we
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then calculated (& )peer and determined (Vi Jpoct = (& )host + (¥1 )0t 1 (z'l);{ost]l/?. In the
next step, this velocity was set equal to the approach velocity of the test particle for its
collision with particle 3, all four parameters of which were defined by random numbers.
However, in order to comply with the chaotic nature of oblique collisions and thus to jus-
tify the repeated application of the coordinate system tied to the impact vector and the
tangential plane passing through the contact point,the two angles that characterize the
direction of motion of the test particle uponits collision with particle 3 also had to be
defined by random numbers. In this fashion, we subjected the test particle to ~10° colli-
sions, consistent with the results of Sec. 4, Caution was exercised in applying a randomn
nuinber gener ator to any quantity whose rate of occurrence is value dependent. The reader
is referred to Sekanina (1991 ) for an approach developed for the angles 8; (which have
the highest occurrence rate at 1 and the lowest a O and n) and for the particle velocity
distribution (which was assumed to yicld an occurrence rate dropping exponentially with
increasing velocity). Approximating the particle-mass distribution function by a power
law, h(m)dm «m=Xdm for me <m<m,, and h(m) = O for m < Mo and m > my, the
general approach yields for particle masses Mi{i= 2,3, . . .):

1
1—-x Iy o x~1 1-x .
m; = my { 4 g{(ﬂ’i) »]]} * . 771,00{1-{9?’[(17—13) - ]}} *if X7
My Mg

Moo \¥ moy\ ®
o0 ) o0 .
- 7710(-__._> — 7110:)(.=._) ]f X: 1’
My Mg

where R is a random number from aninterval ((), 1). The two alternative expressions given
in eith er casc refl ect the obvious faCt that any ran d om number R from the Unit interval
can without detriment be replaced with # = 1- R.

From the formulation oOf the problem it is obvious that the results arc model dependent.
However, a characteristic feature of all our solutions was a rapid “thermalization” of the
test particle, whose collisionally acquired mean velocity stabilized often after fewer than
5000 collisions and always after ~1 0000 collisions. Consequently, the particle’s random
walk also describes an equilibrium collisional-velocity distribution ¥ (V,,) of the debris, In
general terms, the dependence of the distribution’s properties on the basic parameters for
the assumed collisional scenarios canbe summarized as follows:

(i) Initial particle velocity. Since the random walk of colliding particles was assumed to
occur with velocities proportional to the initial velocity Viait, the results scale with it. We
therefore present collisional distributions of dimensionless velocities expressed inunits of
the initial velocity, &= Veq/Vinit- In many cases, the mean equilibrium velocity Vi turned
out to be appreciably higher than Vi, with a significant fraction of equilibrium velocities
exceeding Vinie by a considerable margin. The values of « can thus effectively be perccived
as collisions] enhancement factors.

(ii) Particle mass distribution. This aflects the collisional-vel ocity distribution) in two
ways. In terms of the power-l]aw distribution assumed in (22), by far the most important
factor is the mass index x. The observed considerable extent of the dust trails can therefore
be interpreted as duc to collisionally enhanced rotational velocities of the debris only if the
particles involved have a relatively flat mass distribution %k(m)dm,whose x =~ 1. Much
stecper distributions, whose x >> 1, were found to have virtually no effect on the velocities
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of the debris, with the exception of particles with masses near mg, the lower it of the
mass spectrum. Fffects of the other mass-distribution parameter, the ratio Meo /Mo, are
far less significant.

(iii) Test particle’'s mass. As expected, effects of collisions on the velocity distribution
were strongly particle-rna,ss dependent, the least massive particles having always been
affected the most. An interesting result was obtained for the most massive fragments,
whose equilibrium collisional velocities often tended to be Jower than their initial velocities.
The enhancement factors « thus reflect in these cases a mitigation effect of the collisions,
which may explain why the nuclear train is so much shorter than the trails.

(iv) Coefficient of restitution, The elasticity of particle- particle collisions aso affects the
velocity distribution, the equilibrium velocity increasing with increasing elasticity, Fffects
of the coeflicient of restitution kon our Monte Carlo solutions appear to be particularly
strong in the regime of highly_elastic, collisions, which, however, were shown by Hartmann’s
(1 978) laboratory experiments to be unrealistic.

Table 3 lists distribution parameters for several of the hundreds of Monte Carlo runs
carried out. All entries in the table refer to the ratio of Mee/m0= 107, but very similar
results for the tabulated test particle masses were obtained with 7ee /1m0 =10%, Since the
expected mass of the brightest fragiment ism,, =~ 10'® g at an assumed density of 0.2 g/cin®,
the ratio me./me= 1022 implies a lower particle-mass distribution cutofl at mo~10"%g.
If of the above density, such grains would be ~100 g in radius and subjected to radiation-
pressure accelerations of ~3% of the solar attraction. The value of m,/mgadoptedin the

TABLE 3. Monte Carlo solutions for the paramcters of thecollisional distribution of
the velocity-enh ancement factor x (the adopted mnass-range ratio Moo /mo = 10%?).

Test Cocfli- 1)istribution parameters of velocity-ell}larlcerrlcrlt factor &
particle’s cient —m . .—n—— . —
M ass relative of resti- Standard Percentiles

inch, mass, tution, Mean devia- — e -
X . m /’mm k value tion Mode 50% 90% 95% 99%
1.0 <1015 0.0 1.6 4:1.1 0.9 14 31 3.8 55
0.4 2.5 4-1.6 1.5 2.1 4.6 5.6 8.0
10-% 0.0 15 +1.0 0.9 1.3 29 3.6 5.2
0.4 2.3 1.5 1.2 1.9 4.2 5.2 7.6
0.01 0.0 13 4:0.9 0.8 11 25 3.1 4.6
0.4 19 41.4 1.0 1.6 3.6 45 6.8
| 0.0 0.7 40.4 0.5 0.6 1.2 15 2.1
0.4 0.8 +0.5 0.6 0.7 1.5 1.9 2.7
1.2 <101 0.0 1.4 40.9 0.8 11 2.6 3.2 4.7
04 1.9 4+1.4 1.3 1.6 3.6 45 7.1
10-8 0.0 14 41.0 0.8 1.2 2.8 34 4.3
0.4 19 41.2 1.0 15 3.6 4.3 5.7
1 0.0 0.8 40.1 0.8 0.8 1.1 11 12
04 1.0 10.1 0.9 0.9 12 1.3 1.4
14 <1071 0.0 11 40.7 07 0.9 2.0 25 3.6
0.4 1.3 4 0.9 0.7 11 24 34 4.7
10-° {39} 1.0 40.0 0.9 0.9 11 1.1 11
! {33} 1.0 40.0 0.9 0.9 1.0 11 1.1




table approximates a combined particle-mass range in the train, the trails, and the bright
portion of the tail region (See,. 8). Onthe other hand, the mass ratio of m,,/mq= 1030
implies a lower cutofl a mg~ 10" g, referring to submicron-sized particles.

The first threc columns of ‘J able 3 list selected values of the remaining parameters-~ the
mass index, the test particle’s mass, and the restitution coeflicient, each of which affects
the en h ancement factors « in a profound manner. Not included arc the results from runs
for the mass indices y <1 (very flat particle-mass distributions) and for y >1.4, which
confirmed the general trend that is apparent from the table. Wc noted, however, that the
parametric values for the equilibrium velocity distribution) were rather insensitive to the
mass index outside the tabulated range, in that virtually no collisional effects were apparent
for x >1.4 and that the results for y < 1 almost coincided with those for x = 1. Also
omitted from Table 3 isinformation] from runs carried out for additional test-particle masses
7-12,. Theleast massive particles tabulated have m,;~ 10 g and an equivalent diameter
of about 5 cm. Such pebbles could not be subjected to radiation-pressure accelerations
greater than ~0.01% of the solar attraction and in March- July 1993 they sh ould have
been situated within 0.5 arcsec of the calculated 1ocus for objects with purely gravitational
orbits. Interestingly, solutions for particles much less massive than 10 g yielded essentially
the same results, which suggests that the equilibrium velocity distributions in the dust
trails and the bright portion of the tail region arc alike. As far as the elasticity effects arc
concerned, the tabulated results were restricted to two values of the restitution cocflicient,
k= O and k = 0.4, which presumably bracket the most probable scenarios. Solutions for
unrealistic, more elastic collisions implied much higher velocities.

The last seven columns of Table 3 provide information 011 the equilibriuin distributions
of the enhancement factors «. To describe the strongly non-Gaussian distributions as
completely as possible, listed among the parameters arc, besides the mean value and the
standard deviation, the mode and four percentiles, including a median. Their inspection
reveals a nuinber of characteristic features and systematic trends. Perhaps the most sig-
nificant trait is a long tail toward very large values of  for all particle masses except near
the upper limit of the mass spectrum. The strong nonlinearity of this effect with particle
mass IS apparent from comparisonsin ‘Jable 3 of the characteristic values of «,such as the
mean or the median. For example, for y =1 ant] k= O, the mean value of x decreases
by only 0,1 over 10 orders of magnitude in mass, from 10-'®*m, to 10~%m,, by 0.2 over
the next three orders of magnitude, but by fully 0.6 over the massrange from 0.01 m,, to
M., In redlity, the discrimination]] between the very massive fragments and other particles
iS evenmore dramatic than appears from these comparisons. The small number of very
massive fragments implies that there are no objects in the distribution’s upper percentiles
and suggests, consequently, that collisions typicaly result in a decrease in the equilibrium
velocity of these objects (k < 1).

The broad range of collisions] velocity-enh ancement effects is illustrated in Fig. 5, which
displays four steady-state distributions of «. For our modeling needs (Sec. 6) the correlation
with the test particle’s mass is of primary interest. When y ~ 1, a velocity enhancement
by a factor of ~4 or more is attained by fully 5-] 5% of particles with masses of ~10 g and
by afactor of ~5-6 or more by 1 --5% of them. Thus,x near 6 is apparently representative
of the dust near the trail endpoints. Onthe other hand, the characteristic x value for the
fragments near the upper limit of the mass spectrum is close to the distribution’s median
because of their very limited number. This value could be as low as 0.6 for y ~ 1.
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6. MODELING THE DEBRIS EVOLUTION FOR
A TIDALLY DISRUPTED ROTATING COMET

We are now ready to forinulate a model for the evolution of P/Shoemaker- Levy 9’s de-
bris. Having reproduced Scotti and Meclosh’s (1 993) results, we verified that some dispersion
of the debris in both the nuclear train and the dust trails could be eflected by Jupiter’s
radial differential perturbations. Applying a rigorous approach, we showed in Sec. 3 that
the debris could also be dispersed in space as a result of dight differences among parti-
cle velocities in the direction of the comet’s orbital motion. Developing a Monte Carlo
collisional model, we established in Sees. 4 and 5 that such a velocity dispersion canbe
produced by particle-particle collisions in the cloud of debris subsequent to the tidal dis-
ruption of the progenitor nucleus. In particular, W ascertained that there was a tendency
for the collisions to increase the velocities of particles that populate the dust trails, but to
mitigate the motions of the very massive fraginents that line up along the nuclear train.
Onthe other hand, effects of gravitationa interactioninthe cloud of debris were found to
be relatively unimportant,

Let us assume that at the time of tidal disruption a piece of debris on the spinning
nucleus had the component of its rotational velocity inthe direction of the cornet’s orbital
motion equal to V. Liet us also assuimne that the initial distribution of rotational velocities

50 EQUILIBRIUM COLLISIONAL
DISTRIBUTIONS OF
10 VELOCITIES
0
. 10r FIG.5. Examples of the velocity-enhancement
] distribution calculated as a function of the
g | collisional parameters: the mass index x;the
= | particle mass m;, in units of the upper hmit of
& 0 the mass spectrum, me,; and the coefficient of
3 restitution, k. Jlotted on the abscissa is the
o dimensionless velocity-enhancement factor, &,
= defined as the ratio of a particle’s equilibrium
> collisional velocity to its initial velocity. All
4 four distributions, assume the mass. range ratio
2 of Mmeo/mo =10%%, where myg is the lower limit
of the mass spectrum. Identified are the 50, 90,
95, and 99 percentiles of each distribution
10+
0 =

ENHANCEMENT FACTOR
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inthe cloud of debris was the sole source for the velocity dispersion. We therefore identify
the particle rotational velocity component ¥, with the velocity Vinit (Sec. 5) and the
observed impulse AV, (Sec. 3) with the collisionally acquired equilibrium velocity Veq
(Sec. ). ]f the particle’s enhancemnent factor is «, we have:

A Vorb =K ‘/rot . (23)

Since the collisionalredistribution of the ~),tic]c-velocity field is a stochastic process,
the particles with the highest initia velocities V,, arc the most likely ones to end up with
the highest velocities AV,,,.As our aimis to explainthe lengths of the nuclear train and
the dust trails, our primary interestis to find appropriate upper limits to AV,y,. For the
less massive debris (boulders, pebbles, grains), the peak velocities arc statistically most
likely to have been acquired by particles onthe surface of the original nucleus. Since
a different argument applies to kilometer-sized chunks, the conditions for AV,,, are in the
following treated separately for the trail debris and the fragmentsin the train.

Let a comet’s s})i]l-vector orientationrelative to the osculating jovicentric orbit a the
time of tidal breakup, to, be givenbythe obliquity 7 andthe argument ¢ of the subjovian
meridian at perijove. Let P be an arbitrary point onthe nuclear surface, whose unit
position vector relative to the center of mass at the time ¢, is U{0, ¢}, where O is the
point’s angular distance from the subjovian meridian at that time and ¢ is its angular
distance from the comet’s equatorial plane, andlet (0, ¢) be its distance fromn the center
of mass or the local nuclear radius (Fig.6). The components of U inthe direction away
from Jupiter, Ur,inthe direction perpendicular to Uy, and ahead of the comet in its orbital
plane, Uy, and in the direction of the northern orbital pole from which the comet is seen
to orbit Jupiter counterclockwise, Uy, canbe expressed by (Sekanina 1981):

Ug cos(®+ug) cos I sin(@+ Uo) sin 1sin(®4 o)\ /cos ¢ cos(0 + o)
Uy | =~ |~ sin(®+4 w0o) cos T cos(®+4 o) sin 1 cos(P+ug) || cos ¢ sin(040,)], (24)
Un 0 sin J —cos 1 sin ¢

¥I1G. 6. orientation on a comet’s rot ating nucleus.
C isits center, F>the northern pole of the comet’s
jovicentric orbit, K the northern pole of rotation,
h’ the comet’s verna equinox, and 1] the subjovian
point at perijove. Angle ] is the obliquity of the
orbital planeto the equatoriad planeand angle ¢ is
the argument of the subjovian meridian a perijove.
At some timet, the subjovian point is at J, so that
u is then the true anomaly, %o the longitude of the
subjovian point from the vernal equinox, and ¢o its
latitude. The location of a particle on the surface,
a latitude ¢, is shown by point Zo when it transits
across the subjovian meridian and by 7 a little later,
when its meridian angle is # and its longitude from
the verna equinox, #-+0o. U isaunit vector passing
through point 7 and directed radially away from the
nucleus center.
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where U0 is the comet’s true anomaly in the jovicentric orbit at the time o and bo is the
cometocentric longitude of the subjovian meridian from the orbital plane’s ascending node
on the equatoria plane, whit.1] is equa to:

tan 0o = cos J tan(®+ Up). (25)

The quadrant of O,is that of @+ %o whenJ<90° and that of 360°— (9+uo) when 1>90°.

The difference in the radial distance, Ar(6, ¢), between the point P and the comet’s
center of mass at the time o (Sec. 3) is obviously:

Ar(0,¢) = R(0,6) Un(0, ), (26)

which yields the quantity (A7)aus for determining Jupiter's radial differential perturbations
of the debris.

Ioven though gravitational perturbations among the individual picces of the debris were
shrown in Sec. 4 t0 be relatively unimportant, they Were likely to affect the equilibrium
~)articlc-velocity distribution] tosomeextent. The peak rotation velocity was certainly
lower thanthe surface escape velocity fromnthe progenitor nucleus. Upon breakup, not
only were velocities of some particles increased wc]] beyond the escape velocity from the
parent comet, but as the fragmentation progressed and the cloud of material expanded, it
becaine inuch easier to escape from the gravitational field of any fragment. However, the
observed impulse AV, ,, for the nuclear train is also lower than the probable escape velocity
from the parent comet and it IS conceivable that neglect of a gravitational interaction
among particles could lead to an overestimate of the equilibrium collisional velocities,
cspecially for the most massive fragments . Considering the absence oOf information on the
dctails of the tidal- disruption process, we doubt that the magnitude of this effect could be
derived rigorously. We point out, however, that the resulting velocity correction due to
gravitational interaction, §V, canformally be accounted for by rewriting (23) for the trail
debris, (A Vo )awt, and for the kilolncter-sized fragments, (A Ve, )nud, aS follows:

(A‘/orb)dust = "-'dust(vrot)duqt - 6‘/ = ’igug((‘/rot)dust’

(A‘/orb)nucl = Nnuc](‘/rot)nucl -0V = N::uc](vrot)nucl,

where we adopt, following our results in Sec. 5 and the above arguments, Kdust 2 Kust 6
for particles at the outer ends of the dust trails and &Y, = 0,5< k,.q for the large frag-
ments in the nuclear train.

If I IS the rotation period at thetime of tidal disruption, the relevant components
wi, w, and WN of the cornet’s spin vector w in the jovicentric coordinate systemn arc at to:

(27)

w}(\‘ op - SNI sin(®+up)
wy — |—sin 1cos(®+ uo) . (28)
wN} ret cos 1 )

Since the rotation-velocity vector is equalto V,, =R (w X U), the radia and transverse
velocity components of the debris a a point I arc in the RT'N jovicentric- oriented coordi-
nate system at the time o:
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2

(Viot )k = -7 1(0,9) [UT(O,qj)) cos I 4 Un(0, ¢) sin]cos((]>+uo)],
t
ro (29)
(Vo) = - ]2,” (0, $) [U}((o, #) cos I + Un(0,¢) sin I'sin(d uo)].
rot

The relevant contribution from 'V, in the direction of the comnet’s orbital-velocity vector,
(Viot)austs is given by the dot product n- V.., where n is a unit orbits]-velocity vector in the
RTN coordinate system at the time of breakup. The expression is greatly simplified, if the
comet’s orbital arc of interest, in the immediate proximity of the perijove, is approximated
by a parabola. Thenn = {sin Jug, cos o, 0} and

2 .
(Viot Jdust == —;R(O,;f») [(U}{ cos %uo — Uy sin %Uo) cos ] + Unsinl sm(‘]’-}f%uo)] . (30)
rot

Since the preferred mode of tidal disruption is along planes perpendicular to the radial
direction from the perturbing planet (e.9., Aggarwal and Oberbeck 1974, Dobrovolskis
1990), the probable shape of thelarge fragments that populate the nuclear train will tend
tobe dlice-like, the boundary planes of each fragment being approximately perpendicular
to the radia direction. The position of a fragment’s center of mass is described as a mean
value of the positions of all points P{Iz, 0, ¢} on the surface of the disintegrating original
nucleus that have the same radial distance from Jupiter and whose angular coordinates
satisfy a condition of Sin ¢ = €1+ ¢2 COS ¢ sin(f- c3), Where ¢1,¢2, and ¢z depend on the
rotation constants 7 and &. The initial RI'N coordinates of the fragment’s center of mass
relative to the center of mass of the progenitor nucleus are {12(0, ¢) Ur(0, ¢), O, O}, so that
the quantity (Ar),uq, which deterimines the jovianradial differential perturbations on the
massive fraginents in the train, is given by the same expression (26) as that for the other
debris, (A7)daust- The radial component of the rotation velocity of the fragment’s c.enter of
mass is always zero and the velocity’s contribution in the direction of the orbital-velocity
vector, (Vrot )nua, derives entirely from its transverse component:

27
(1/;ot)rlllcl = ",‘;]{(0, (]11) UR(O, d)) Cos 7/ Cos %UQ- (31)
The projected lengths of the nuclear train, Ayua, and the two dust trails, Ague and

AYsy , mcasured from the train’s middle in, say, arcsec, yield the following conditions for
the effects due to the jovian radia differential perturbations and the velocity increment:

maX{g ¢} [(1 (A7 )"“d + b (A‘/orl-)nuc]] = %Anuch

maX{g’(f,}[a(Ar)d\ml + b (A‘/orb)dl;‘lsl - Aquees (32

maxye,¢) [ G(A"‘)dust = b (A‘/orb)d‘ust : Zi‘irn
where a (inarcsec per km) and & (in arcsec pcr m/s) arc the rates of the two dispersion

cffects, which vary with both the time of observation and the time of tidal disruption. We
note that they arc related to the cocflicients A and I3 from (4):
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B 0.56
a == 'Z_“A" Anuc) = "27‘ Anuc],

l, — — A 1 ] -— A el

The symbol max g ¢4y for a given spin-vector orientationin (32) indicates the peak values
attained by the bracketed expressions over the entire nuclear surface, that is, among all
possible combinations of {0, ¢}. T}iese maxima determine the observed extents of the
nuclear train and the dust trails that enter the right-hand sides of (32). The values of
0 and ¢ for which the maxima are reached are generally different for the train and the
trails, Since the bracketed expressions arc syminetrical with respect to the coinet’s center
of mass and since the expressions on the left-}land sides of the second and the third lines
are identical, the condition A, < AYs* from ‘1'able 2 implies nonsphericity of the parent
nucleus and /or different propertics of particles that populate the two trails. In any case,
one can introduce an effective radius of the original nucleus, .4, and combine the first
condition of (32) with the second or the third one to find, after incorporating (33):

f(] q ]rota nucl)]{eﬂ e A’

(34)
g(]’q);])rot;"‘dm()]{cﬂ =" A)‘v

where A = 2A50, /Anua or 2A%%% /Ay and

f(]3 q)’ ])rol; H’:uc]) = Xnax{o,d'}[llf{ (]1“* ]2

103k}, cos I cos luo)] ,
rot

2 .
g(1,%; Py r;’é‘ust) = InaX{g'd,}[Un B+ })_7(_] 03».‘:;“5t {(UR cos %uo—- Uy sin %uo) cos] (39)

rot

+ Uy sin I'sin(®+ ’%Uo)}],

with I, insandthe factors 103 introduced in order to adjust the units of the velocity
terms froms~!1to 1in S'kin" ! to conform with the units of the coeflicient F3.

The equations (34) represent two independent conditions for Hen, both of which must
be satisfied at the same time, if the lengths of the nuclear train and the dust trails are to be
interpreted as manifestations of the same disruption event and the associated post-breakup
phenomena. Before we present the numerical results, we point out that Uy is the only
guantity in the first equation of (35) that depends on ¢ and ¢. Since max{o 43 [Un(0, ¢)] = 1
and 2 =sec? 5“0’ the first equation of (34) canbe writteninterms of 2, thus |nd|cat|ng
a symmetry of the solutions with respect to perijove:

0.8922

])crit> * ’
14 1.13 -~ 2K, cos
3(-Prot :

where Fent is the critical rotation period at an assumed nuclear density of 0.2 g/cin® and
equal to 7.38 hr or 0.3075 day [cf. the text that follows kq. (5) in Sec.3). The units

Reg = (36)

22



of Ferie and Frot > P.,;, arc the same, while K. is again in km. The constraints on the
relationship between the rotation period and the obliquity arc set by the second equation
of (34), so that Eq.(36) is not by any means valid for all values of ¥, and]. We point
out that when the time of tidal disruption is assumed to coincide with the time of perijove
(2= 1) and when the obliquity is assumed to reach 90°, the relation (36) yields a size of
the progenitor nucleus that is almost identical with the size derived by Scotti and Mclosh
(1 993). However, we will show below that because of the constraints set by the trail length
onthe function g(J,®; Pro; £}, ), this result cannot be defended in the framework of our
cone.cptual model.

7. ADDITIONAL EVIDENCE FROM THE BRIGHT FRAGMENTS

Onc of the results of the comet’s imaging with the Hubble Space Telescope (HST') on
July 1, 1993 was, according to Weaver et al. (] 993), a discrimination of the brightest
fragimment- a single, somewhat elongated feature when observed with large ground-based
instruments- -into at least four components. The two main components appear on Weaver
ct al.’s ¥ig. 2 10 be ~0.3 arcsec apart, along a position angle of ~1 20°-3000, that is, in
a direction that makes an angle of 40°---500 with the nuclear train.

Because of this peculiar orientation of the pair, wc suspect that the two components
could be products of a more recent breakup. While it is impossible to determine the time
and circumstances Of this presumed secondary splitting, we scarched for scenarios consistent
with the pair’s separation distance and position angle onthe 11ST image, neglecting eflects
of the gravitational interaction between the components. We found a large number of
solutions involving very low separation velocities, selected examples of which arc listed in
Table 4. We also found less attractive solutions based solely on Jupiter’s radial differential
perturbations and suggesting breakup times closer to perijove. ‘1'hereis a precedent for the
kind of secondary breakup suggested by the scenarios inTable 4. A satisfactory solution
to the orbital motion of one of the companions to the principal component of Periodic
Comet Brooks 2, observed in] 889 following the comet’s close approach to Jupiter in 1 886,
could only bederived on the assumption] that this companion broke away from the other
companion approximately 1 ; years after the splitting of the progenitor nucleus at Jupiter
(Sckanina 1977).

T'ABLE 4. Examples of solutions consistent with a separation distance of 0.3 arcsec a a position angle of
300° between the two main components of the brightest fragment of ¥/Shoemaker-1. evy 9.

Separation velocity of the nucleus pair (m/s)

Assumed Time e . —
time of elapsed Dist ante No normal component No cross-track component
the par's from from - — - - — - - — — - - - — e ——
splitting perijove Jupiter Orbital-velocity Transverse Orbital-velocity Normal
(0"TDB) (days) (AU) _ component ~component  component component
1992 July 10 2 0.0162 + 0.005 -0.)2 +0.006 40.17
15 7 0.0380 +0.007 -0.08 +0.010 +0.12
Aug. 1 24 0.0849 +4-0.012 -0.06 +0.016 +0.09
Sept. 1 55 0.1420 40.016 --0.05 4-0.023 -10.08
Nov. 1 116 0.2175 40.024 -0.06 -10.036 +0.08
1993 Jan. 1 17 0.2681 40.030 -0.08 +0.054 -10.10
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Because of the role of the mass distribution function, k(m)dm,inthe steady-state
particle-velocity distribution, we checked whether the mass law iimplied by the collisional
modeldeveloped in Sm.. 5 is consistent with Weaver et al.’s (1993) sequence of photo-
metrically determined dimensions of the i1 brighitest fragments, assuming the same bulk
density. Writing h(m)dm = (ho/m) dm, wherekgis aconstant, the number of fragments
whose masses arc equal to or excecdm iS

n(m) = /7'500 h(m)dm = hy, — holn( m ) , (37)

i M porm

where ,.ns &gdin the upper limit of the particle mass distribution, 7,4, 1S an arbitrary
normalization mass, and h, = ko In(me /Muor)- The progenitor comet’'s mass, calculated
as a sum of the masses of al fraginents, is then

M = /mm m h(m) dm = ho(me,—1m0) = hoMeo, (38)

7o

where mg << my, is again the lower limit of h(m) and the mass of the debris is dominated
by the contributions from the largest fragments. Combining (37) with (38), wc find

/
M= hom, o cxp(—%) . (39)

Applying (37) to Weaver et al.’s (1 993) sequence of 11 fragments, whose photornetrically
determined sizes were converted into masses assuming a bulk density of 0.2 g/cin®, we
obtained an excellent agrecinent when the faintest piece was ignored, with the result

h* = +4 7.434-0.21,

(40)
he= —0.40 4 0.20,

with the masses expressed in units of 10'¢ g. When the11th fragment was included, the two
parameters became ho = 4 6.574 0.45 and he, = +0.164 0.49, aso yielding an acceptable
solution. From (39) and (40) we found M =] 01684 002 ¢ gnd, converting the nuclear mass
back into the radius (thus eliminating any effects of the assumed density), we obtained for
the progenitor R.g= 4.4 4 0.1 km. The forma error, athough not quantitatively mean-
ingful, indicates a high degree of correspondence between theory and observation. The
other set of paramneters ho and h, yielded a radius that was sinaller by only 0.1 km, ‘1’bus,
we not only confirmed that the assumed m=?! law is consistent with the size distribution
of the largest fragments, but we were aso able to derive an estimate for the radius of the
progenitor nucleus. In addition, extrapolating (37) to n = 2], we found amass of ~10'4% ¢
and an effective radius of nearly 0.9 km for the faintest of the 21 fragments.

8. APPL1[CATION OF THE RO’I’ATION MODEIL AND CONCLUSIONS

Because of the multitude of parameters that enter Kqs. (34), the conditions for F.q were

expected to be satisfied by alarge number of solutions, which we tried to constrain as much
as possible. Based on the results of Sees. 5 and 6, the enhancement factors for the nuclear
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train and the dust trails were inmost runs assumed to bex? = 0.5 and &}, = 6. These
values reflect our preference for the model with y ~1 of the mass distribution function of
the debris involved [cf. (22)]. Support for this law was demonstrated in Sec. 7. Effects of

varying £}, and &}, on the solutions are briefly addressed below.

One of the two remaining fundamental parameters, the effective time of disruption o,
was calculated from high-quality data of the nuclear train’s orientation, as described later in
this section, while the other, the trail-to-train length ratio X, was found from available wide-
field imaging. Since the dust trails are features of a low surface brightness, fading gradually
away with increasing distance from the nuclear train, their detected extent, dependson the
observing circumstances, the exposure time in particular. The model’s most severe test
is offered by A derived from the maximumn length estimate for the more extended, west-
southwestern trail. From Table 2, (A§5¥ x> 10.5 arcmin at a time when the length of the
nuclear train was Apua = 51 arcsec (Scotti and Melosh 1993), yielding A =~ 25. The length
of the shorter, cast-northeastern trail, whose (AG, Jmax = 6.2 arcmin in I’able 2, implies,
very crudely, A2~ 15 ant] could contain debris from ahost of locations in the original nuclcus
that satisfy the second condition of (32). One of the solutions is obtained by maximizing
the bracketed expression, that is, by applying the same quantity g(I, ®; P,o; k3., ) that was
derived for the west-sout]lwestcrll trail, in which case I(A'l‘)dus‘tg(Ag&it A ) Reqr for the

. . . . d :
cast- northeastern trail. A multitude of solutions can similarly be offered for any interior
point aong cither of the two trail branches.

Asdiscussed below, an assumption that the tidal breakup of the progenitor occurred at
any particular instant is artificial, because the episode must have been characterized by
afinite duration. However, modecling of the debris evolution shouldtake into account the
fact that the highly organized forces involved, such as the jovian radia differential pertur-
bations, are rather ineflicient during the carly phase when particle motions arc chaotic due
to intense collisional interaction. As a result, theeflectivetime of breakup that entersthe
expressions for the evolution of the debris should follow the period of physical disruption
of the parent, comet with alag that is characteristic of the tin-m spanned by intense colli-
sions, Whit]), as established in Scc. 5, was crudely O.] day. On the other hand, of course,
it is plausible that the tidal breakup began before perijove, which leaves us with no clear
guidance as to what was the effective time of breakup t,, to be employed in the equations,
relative to perijove.

We began our investigation of solutions to the conditions (34) by examining the case
of the eflective time of breakup coinciding with perijove. The first of the two conditions
was used in its form (3 6), while the evaluation of the coefficients g(I, ®; Prots k2,,) Was
conducted in a three-dirnel]sional phase space, in which the obliquity 7 was varied from 0°
to 180° and the argument @ from 0° to 360°, both at steps of 10°, whereas the period P,
was varied from F,; = 7.38 hr to several days at progressively increased steps. It soon
became obvious that for a slowly rotating nucleus, P, >> Feit, the contributions of the
velocity terms in (35) and (36) became so small that they had hardly any effect on the
solutions, in that the nuclear radius calculated as A) /g aways turned out to be much larger
thanthat calculated as A/f. Although the difference between the values of R.q derived
from the two conditions dccreased with decreasing P, as well as with 1 approaching 180°,
for no combination of 1,&, and Pyt were they found to coincide. We concluded that,
within the constraints of our conceptual model, the assumption of a tidal disruption at
perijove yielded no solutions.



The next step was to investigate solutions for various other assumed times of breakup.
Two examples, displayed inFig. 7, illustrate a symmetry with respect to perijove. The leaf-
shaped areas of solutions are bounded by the critical period at the bottom and terminate
in atip at 7= 180° on the right. T'wo curved boundaries connect the base at Ferit with
the tip: the upper curve, calibrated inFig. 7 with the values of the nuclear radius Fen
increasing from the left to the right, is characterized by a constant argument of subjovian
meridian which is equal to @ = 900-- 2o or 270° — 2o and shows that the minimum nuclear
radius that satisfies both conditions (34) corresponds to the critical rotation period and
to the lowest obliquity. The lower curve is an isoline of the maximum nuclear radius
that satisfies the two conditions. The curves that connect the upper curve. with the base
Prot = Pey and lie in between the two boundaries were calculated from (36)and represent
the isolines for some intermediate values of the nuclear radius. Ilach solution between
the two boundary curves is satisfied for four different values of @, whit.11 for ot = const.
closely satisfy a condition of the type:

=] 80° - % ug 4 arccos(wy + w, cos ])] , (41)

where w; and Wz are coeflicients that depend on the parameters of the solutions, such as
the rotation period and the time of disruption, and j stands for any of the four possible
values, j= -1,0, +-1, 42, such that ¢ isin the interval of (0°, 3600). For example, for
tot= 7.38 hr and 1 =17y + 0.1 day we found w,= --0.82198 and w2=-4.36018, with
the adopted values for &}, k3., and A. A limiting condition of cos J= —(1 +w;)/w;
yields J=- 87”.7 and, with j=+1,¢ = 90°— -]2-110 == 390.4 and, symmetrically, 2190.4.

The solutions in Fig. 7 show that for a particular value of |to - 73| <0.05 clay the circum-
scribed area should degenerate into a point at 7= 180° and Frot = Ferit- Our calculations
confirmed that this was indeed so and that the minimum temporal separation of the tidal
disruption from perijove yielding solutions consistent with the conditions of (34) is 0.64 hr.
The range of nuclear radii that satisfy the constraints is shown inFig.8 as a function of
the assumed effective time of disruption. The rninimum nuclear radius allowed is 4.0 km,
substantially larger than Scotti and Melosh’s (1993) result of ~1 km.
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Fffects of the enhan cement factors x¥,, ant] «}.. arcillustrated in Table 5, which lists
the minimum effective nuclear radius of the parent comet, R q, calculated for an assumed
time of disruption of 0.05 day from perijove. The radius was found in this case to be at
least ~3 km, essentially independent of «* , but increasing with decreasing «J},,, and with
increasing trail-to-train length ratio of X.Similarly, an investigation of the enhancement
factor effects carried out for an assumed obliquity of 180° and a rotation period of 7.38 hr
but with no constraints set on the time of disruption showed that it was not possible to
satisfy the conditions (34) with a nuclear radius smaller than ~3 km and that no solutions
were found when the disruption was assumed to have occurred inthe immediate proximity
of perijove. Fven though long-exposure images of the comet taken with wide-field cameras
might yield X > 25, Iig. 5 suggests that very few celltimcter-sized and larger particulates
could collisionally be accelerated to equilibrium velocities equivalent to k), > 8. ‘1'bus,
values of &}, >> 6 arc unlikely for the debris in the trails, implying that the minimum size
of the parent nucleus was greater than 3 km. Similarly, enhancement factors &}, << 6 are
unlikely because they imply minimum nucleus dimensions too large to be compatible with

independent evidence (Sec. 7).

TABLE 5. Dependence of the minimum nuclear radius J2 . and obliquity 7 of ¥’/Shoemaker- Levy 9
on the enhancement factors &} and &} ., (for |[to-T)|= 0.05 day, Fror=Ferit = 7.38 hr, A= 25).

Enhancement factor for large fragments

K’l’:\]d = 0.3 K:UC] = 0.5 N:UC] = 0.7

Enhancement — - -
factor for Effective Oblig- EAlective Oblig- Effective Oblig-

debris, radius, uity, radius, uity, radius, uit y,

KX R (km) 1 Regr (km) | Req (km) 1

4 7.1° 180°° 6.6 138° 6.5 122°

6 4.4 157 4.3 123 4.2 112

8 3.2 125 3.2 110 31 104

%No solution forlto.75|= 0.05 day; listed Ry and I are for the minimumlto—73}= 0.0577 day.
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iNn summary, therefore, we envision that the events experienced by I'/Shocmaker- lLevy 9
in the proximity of Jupiter on 8 July 1992 began with fissures and cracks, caused by
tidal stresses propagating throughout its nucleus, whose effective radius was probably near
5 km. Perhaps even before reaching perijove, the inflicted structural failures resulted in the
comet’s starting to break up into a very large number of fragments of different dimensions,
from microscopic particles to kilometer-sized objects. Since the debris from various loca-
tions of the original nucleus was released with different rotational velocities (on the order
of 1 m/s), collisions among individual particulates became inevitable. continuing tidal
fracture and collisions contributed to further fragmentation, the bulk of which apparently
was not completed until after perijove. Monte Carlo simulations indicate that the colli-
sional velocity distribution rapidly “thermalized” and developed a long tail, with typically
a fcw percent of the less massive particulates reaching velocities of more than 5-6 times
the initial rotational velocity. Simultaneously with increasing velocities and the gradual
expansion Of the cloud of debris, the gravitational potential of the assemblage was decreas-
ing with time. The initial rotational velocities, not exceeding the surface escape velocity
from the progenitor nuclcus win-c collisionally enhanced to surpass, significantly in many
case%, the surface escape velocities from even the largest fragments. However, because of
the chaotic nature of the interaction among particulates, the process of collisional redistri-
bution of individua fragmentsinthe cloud of debris had continued untilintense collisions
subsided. As aresult, the effective timne of disruption in our model dots not coincide with
the initiation Of tidal fracture but, instead, essentially represents the completion of the
collisions] redistribution of thedebris. For the massive fragments in the train the model
predicts a dynamical evolution that is different from that of the finer debris in the trals in
that their equilibrium velocity distribution dots not broaden significantly and their typical
post-collisional velocities arc calculated to be generally lower than their initial rotational
velocities. The net result of these systematic diflerences is that the dust trails extendto
far grealer distances from the original nucleus than dots the nuclear train.

Omnce collisions] interactioninthe cloud of particulates subsided, differential effects due
to the jovian gravitational attractionand the velocity distribution among fragments could
take full control of the subsequent dynamical evolution of the debris, represented schemat-
ically in IFig. 9. The jovian perturbation effects arc such that fragmentsthat a the time
of breakup were nearer the planet remain so throughout the orbit until collision. On the
other hand, the effects on the orbital-velocity vector arc such that fragments with greater
velocity incrementsinthe direction of the cornet’s motion havelarger orbital dimensions
and will collide with Jupiter later in 1994. Another noteworthy property of the nuclear
train is that it always points approximately at the planet. As a result, the train was vir-
tually perpendicular to the orbit at apojove, in mid-July 1993, but will realign itself with
the orbit again as it approaches and eventually strikes the planet. The configurations of
pebble- and boulder-sized debris in the trails can be described in similar terms.

The eflective time of disruption), besides being the event’s fundamental parameter in
its own right, is also secnin Fig. 8 to provide rather severe constraints on the nuclear
size of the parent comet. InSec. 3 we remarked on the dcpcndence of the nuclear train's
orientation on the assumed time of disruption but wc did not pursue this point any further
because of the effect’s relatively low temporal sensitivity. Nevertheless, wc noticed that
the train’s position angles calculated by Scotti and Melosh (1993) on the assumption of
the disruption having taken place exactly at perijove did not, in their ‘I’able 1, represent
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the seven observations entirely satisfactorily, leaving a systematic residual of -10.0, onthe
average. However, because of the large scatter in the position angle residuals, from-1°8 to
+-0°.3, we questioned the wisdomn of concluding, on this evidence aone, that the disruption
did not occur at perijove.

More recently, wc had an opportunity to determine the nuclear train’s orientation from
accurate measurements Of therelative positions of the 21 fragments on high-resolution
images of the comet (Jewitt 1993, Weaver et al.1993) taken on five elates between March 27
and July 17, 1993. The position angles are accurate to about 40° 1and asignificant fraction
of the formal error is apparently due to slight deviations of the individual fragments from
a straight line, as discussed in detail later in this section. Different sets of fragments on
the samne image yield position angles that deviate from each other by a few hundredths
of a degree, so appropriate corrections were applied to the train’s position angles on the
two of the five dates on which the number Of measured fragments was ]css than 2], before
models were compared with the orientation data

A solution based on the assumption of the breakup having occurred exactly at perijove
left position-angle residuals of, respectively, - 0°.26, --0°.45, -...0°,40, -.0033, and —0°.Ol on
the five dates and these were considered to satisfy the observations rather poorly. In-
deed, this distribution of residuals is clearly inferior to that obtained by assumning that
the dynamical separation occurred a small fraction of a day after perijove. For example,
the residuals are 40°.01, --0°.20, -0°.20, --0°.15, and +40°15 for {,— 7= -10.04 day; and
+ 0°.10, -0°.]1, --0°. 13, —0009, and +4-0°%21for ¢, - 7} =.0.06 day. In our search for the
most probable effective time of disruption we required that the sum of the residuals be
zero andthe sum of their squares reach aminimum. Both a cubic power law representing
the sumn of residuals between perijove and O.] 2 day after perijove and another cubic power
law representing the sum of sguares of residuals between 0.02 and 0.10 day after perijove
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showed that the breakup, taken as a dynamical separation Of the debris, toOk place most
probably 0.0(308 day, or shout 1.5 hr, after perijove (Fig. 10). The uncertainty is estimated
at Icss than 3:0.02 day or £0.5 hr. This time is consistent with the constraints in Fig. 8,
which imply arange from 4.4 to 7.5 km for the effective radius of the original nucleus, the
lower limit coinciding with the result of Sec. 7. A nominal, self-consistent model that we
adopted for the nucleus and the circumstances at breakup iS presented in Table 6.

From the standpoint of our anal ysis, the two limits on the nuclear size of the progenitor
comet are equivalent. Our selection of a radius inthe nominal model was strongly influ-
enced by the results of Scc. 7, based on Weaver et al.’s (1 993) photometric measureiments
of the large fragments. This choice of the radius dictates that the spinrate of the original
nucleus be very near the critics] value, so that the rapid rotation apparently assisted the
tidal forces in disrupting the parent comet. The range of nuclear sizes indicated by the
constraints inFig. 8, while model dependent, is not a function of the unknown reflectivity
and phase law for the fragments. For example, a plausible geometric albedo of 0.02 would
result in an estimate of 6.2 km for the progenitor’s nuclear radius, approximately halfway
between the two limits indicated in Fig. 8. The 3¢ upper limit of 2 x 10" mnolecules/s on
the comet’s water production] rate (Weaver et al.1993) likewise fails to provide tighter con-
straints on the nuclear size. Wyckofl et al. (]985) estimated that a water production rate
equal to this limit was not reached by P /H alley until it approached the Sun to 4.7 AU. Con-
sistent withthis estimate is > /Halley’s preperihelion water-production) curve by Ieldman et
al. (1 987), which predicts an H,0 rate of ~6 X 1026 molecules/s a P/Shoemaker-levy 9's
heliocentric distance of 5.45 AU. Keller ¢t al.’s (1987) estimate for the surface arca of
P /Nalley’s nucleus yields 5.6 km for its effective radius. A corresponding upper limit on
the effective radius of I’/Shoemaker- l.evy 9 isthen ~1 O km | if the two comets had the
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same fraction of their nuclear surface active. However, this estimate would apply only if the
comet did not split, The mass distribution) law for the large fragments that was considered
inScc. 7 implies in a spherical approximation that the sum of their surface areas should
be greater than the surface area of the original nucleus by a factor of 3h0/ [where ko is the
dimensionless constant from (40)], or ~2.9 times. A revised estimate for the upper limit to
the nuclear radius of the parent comet is then 6 km. If less than 10% of the total surface
of the fragments was outgassing at the time of the HST observation, the limit would be
still higher.

‘1’here is a good chance, however, that the water production of P /Shoemaker-lLevy9is
overestimated by Weaver et al.’s (1 993) 30 upper limit by many orders of magnitude and
that the comel’s activity, if any, has for @] practical purposes been ncgligible ever since
discovery in March 1993. Strong cvidence for thisargument is offered by the results of
wide-field imaging. If the comet continued to emit dust in detectable amounts, a significant
fraction of the c¢jecta would beinthe form of submicron- and micron-sized particles, since

TABLE 6. Nominal model for the nucleus and tidal fracture of P/Shoemaker-levy 9
(FPerit= 7.3S hr, K5, = 0.5, Kjue=06)

PARAMETERS OF ORIGINAL NUCLEUS (3 2000 REFERENCE FRAME)

Effective radius, K (km) 4.5
Rotation period, Frot (hr) 7.45
Obliquity of orbital plane to equatorial plane, 1 113°
Argument of subjovian meridian a perijove, ¢ 49°
Right ascension of the northernrotation pole 187°
Declination of the northern rotation pole +36°

C IRCUMSTANCES AT TIDAL DISRUPTION

Effective time, fo- 7} (hr from perijove) -11.46
True anomaly, o,in jovicentric orbit a the time 4820.6
Jovicentric distance at the time (Jupiter’s equatorial radii) 2.79
Cocflicient A (mn/s)® 0.249
Coeflicient B (in/s per km)? 0.069
HALF-LENGTH AND ORIENTATION OF NUucLEAR TRAIN®
Radial separation parameter, (Ar)puq (ki) +4.5
Orbital-velocity increment, (AVon)nua (M/s) -0.15
LENGTH AND ORIENTATION OF WEST-SOUTHWESTERN DUST TRAIL
Adopted length factor _ 25
Radial Separation parameter, (Ar)aust (Kin) -1.0
Orbital-velocity increment, (AVon,)dust (10/s) +6.41
Radiation pressure acceleration Bend a end point 0

I, ENGTH AND ORI ENTATION OF I AST-NORTHEASTE RN DusT TRAILS

Adopted length factor A 17.6
Iiadial separation parameter, (Ar)qust (Km) 40.7
orbital-velocity increment, (AVer)dust(1m/s) —4.46
Radiation pressure acceleration fendat end point 0.018

“For definition, see Bxgs. (4) .
Appli&s to the west-southwestern] end of the train; signs of the two parameters are reversed for
the cast-northeastern end.

*One of a multitude of solutions; obtained by maximizing expression[a{Ar)dust+8 (B Vorb)aust)-
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they are the easiest to release ant] to detect optically. Representing fresh emissions sub-
jected to solar radiation pressure, they would travel predominantly along the radius vector,
away from the Sun. As projected onto the plane of the sky, the antisolar direction rotated
rapidly in late March 1993 when the comnet was near opposition with the Sun, the position
angle having ‘been (at Oh TH1R) 312° on March 25, 321° on March 26, 343° on the 27th, 33°
on the 28th, and 73°, 89°, and 96° onthe last threc days of March. By contrast, during
the period from mid-April to mid-July, the position angle was almost constant, between
110° and 11 4“. Accordingly, onec should expect to see two phenomena on wide-field images
of the comet, if it were active: (i)a rapid counterclockwise rotation of a bright streamer
or a plume inthe sector of material to the north of the nuclear trainin late March and
(1)) a persistent dust feature to the cast-southeast, in April-July. There is not the slight-
est evidence for either. It secms to us that this second point is especially lethal to the
proposition] of continuing detectable activity.

The absence of such activity is supported by Weaver et al.’s (] 993) conclusion that
the dust clouds surrounding the individual fragmentsin the train have apparently not
been generated by a steady-state production and could be made up of relatively large co-
moving, particles. IFurthermore, Weaver et al.’s comment On several of the fraginents being
multiple systems opens up a major issuc of polentially far-reaching ramifications- the
possibility of secondary, more or less spontaneous, fragmentation involving the nuclei (and
quite possibly also their debris) long after the tidal disruption of the original nucleus.In
Sec. 7 we add ressed specifically the problemn of the two main components of the brightest
fragment and showed that their separation may have taken place as late as six months
after the primary breakup. Since fragmentation always entails an increase inthe total
cross- sectiona) area, the events of this kind also show up as a brightening of the fragment’s
envelope. The reasons f or secondary fragmentation are not known, but the candidate
mechanisins include possible rotational torques exerted on objects withmajor structural
cracks that did not split during the primary bircakup. Iixcept for the absence of ejecta
expanding at rates comparable with the sublimation velocity, the resulting effects mimic
erratic activily and arc entirely consistent with the observed temporal variations in the
brightness of the individual fragments.

Before employing the nominal model to predict the comet’s future behavior, we summa-
rize the results of its comparison with observations available at this time. The 21individual
fragments reported by Jewitt (1 993) are identified in order of their position along the train,
the casterninost fragiment (Jewitt’s #/21) being assigned the letter A and the westernmost
fraginent (Jewitt’s #/1), the letter W (with ] and O not used). The briglitest fragment,
identical with Jewitt’s ##7, is identified as Q. The model represents the five high-precision
orientation data on the nuclear train(Jewitt, Weaver) with a mean error of 4.0°13 in po-
sition angle and four high- precision data on the train’s length (Jewitt) with a mean error
of 0.1 O arcscc. Since Weaver et al. did not mecasure the two easternmost fragments, A
and B, the train’s length could not be determined. However, if scaled from the measured
fragments Cand W, a somewhat disturbing difference of about — 0.2 arcsec issuggested in
the sense Weaver minus Jewitt.

An interesting finding is that the forinal error of the train’s orientation calculated from
the 11 fragments measured by Weaver et al. is not smaler than that calculated from the
same selection of fragments measured by Jewitt. It appears that the results do not depend
on the image definition, which is superior on the HST frames, and that therefore the
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forma] error i the train’s orientation reflects true deviations of the individual fragments
from perfect alignment. These deviations are not systematic in the sense that the string of
fragments would deviate from the great circle, since the polynomial representations aways
showed the quadratic term to be meaningless. Instead, some fraginents were found to have
atendency toward being systematically to the north of the mean line, others to the south
of it. Of the 11 fragments mecasured on al five dates, ¥, and 1, were always to the south
of the mean line by, respectively, 0.05 and 0,11 arcscc, on the average. Considering only
Jewitt’s measurements of the 21{ragments, six pieces-—-B,1°, J, M, 1, andT' (the last not
measured in July 1993)---werc always to the north of the meanline and nine- -- A, ), E,
G,H, K, 1., R, and W—always to the south. Sevenof these 15- A, B, D, J, M, P, and
T- arc not among Weaver ct al.’s 11brighitest ones and three of them deviated from the
mean line very significantly: B by 0.36 arcsec, T'by 0.25 arcsec,and Mby 0.24 arcsec.In
the light of our findings, these results arc interpreted as apparent evidence of a scatter in
the effective times of disruption for the individual pieces.

A property common to al the fragments that is mentioned by Weaver et al. also appears
to be qualitatively consistent with our model. It is a dust coma that surrounds cach of
the objects, accounting for most of the light and displaying radial profiles mnuch flatter
than those characteristic of steady-state dust production andconstant outflow velocities.
In Fig. 5weshow that a small but non-negligible fraction of the debris, including sizable
chunks, is collisionally decelerated to extremely low velocities and could easily get trapped
into gravitationally bound orbits about one of the large fragments. The collisional model
thus provides a mechanism for Weaver et al.’s hypothesis of co-moving debris. Depending
upon cach fragment's mass, these orbits could become gllasi-stable except in the immediate
proximity of Jupiter (Sec. 4), the spatial density of t}, trapped debris varying much less
steeply than the inverse square Of distance from the fragiment’s center out to the boundary
of its sphere of influence.

Comparison of the parameters (A 7)pua and (AVor Jnuain “1'able 6 with A"Img,b:oa“d
AVo|a, — o from Egs.(1) shows that the extent of thenuclcar train is due primarily to the
radial-separation effect. The effect in the orbital velocity accounts in this model for less
than 40% of the former and works inthe opposite direction. By contrast, our interpretation
of the dust-trail lengthsimplies a dominant velocity effect. The observations of the west-
southwestern dust trail in Table 2 suggest an average position angle of 257° 4 2°; the model
predicts 2570.3 on the first listed date, March 26, and 2560.4011 the last, May 25, 1993. The
reported maximum length, ~10.5 arcmin in late March, requires a separation velocity of
more than 6 m/sin the direction of the orbital motion(Table 6). The trail’s alignment with
the nuclear train implies the absence of a measurable effect of solar radiation pressure on the
particulates, whose dimensions arc estimated to range from severa centimeters to several
hundred meters. And since the collisionally acquired separation velocity distribution) is
shown in Fig. 5 to be strongly mass dependent, we conclude that the characteristic particle
size decreases systematically along the trail from the mentioned upper limit, near the nuclecar
train to the lower limit at the trail’s far end.

If the parent comet had a spherical nucleus that would disrupt in a fairly organized fash-
ion prescribed by the theory of tidal fracture, the cast- northeastern and west-southwestcrri
trails should be symmetrical with respect to the nuclear train. This symmetry would be
reflected in their equal lengths and extension inthe same direction. In redity, the east-
northeastern trail was always observed to be the significantly shorter of the two, perhaps
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slightly less sharply defined, and pointing somewhat to thenorth of the extended direc-
tion Of the west-southwestern trail and the nuclear train (Fig. ] ). The observations listed
in Table 2 show that the bend of the shorter trail was on the average 4° + 2° in March-
May 1993, its position angle being 73° rather than 77°. Its reported length was on the
average 0.634 0.05 thelength of the west-southwestxxm trail. These deviations from the
symmetry appear to provide evidence foranirregularly shaped nucleus of the parent cornet,
and possibly also for nonuniform physical conditions during the breakup and in the sub-
sequent collisional environment, Since the chaotic nature of the collisional process rules
out any one-to-one correlation between a minor fragment’s initial locationinthe original
nucleus and its location in the dust trail at a giventime, it is not possible to pinpoint
the exact source of the asymmetry between the two trails. Nevertheless, the observational
evidence leads to two conclusions: (i) theshorterlength of the cast-northeastern trail in-
dicates that the regions of the originalnucleusthat werethe source of the debrisin this
feature were gencrally deficient in mass compared with other regions and (ii) the diflerent
orientation of the cast-northeastern trail suggests that centimeter-sized and larger partic-
ulates arc largely absent from it. This second conclusion is quantified inlig. 11, which
shows that at the end of March 1993, the largest particles situated 2 and 5 arcmnin from the
nuclear train along the east- northeasterntrail were subjected to solar radiation pressure
accelerations 8 of, respectively, 0.005 and 0.012 the solar attraction. The corresponding
diameters of these particles arc 1.2 and 0.5 mm, if their density is 0.2 g/cm?®, or 0.24 and
0.1mm, if 1 g/cm3 The trail’s deviation from the syndyname = O aso affects the length
factor A, as is apparent from Fig. | 1. lustead of A~ 15, the more appropriate value is now
A= 17.G, as listed in ‘J able 6.

The relatively flat mass distribution, k (m) dm «m™ *dm, the evidence for whit.1] among,
the largest fragments was presented in Sec. 7 and whose vaidity for fragments as small as
~)cbblc-sized plays a critics] rolein our collisional model(Sec.5),is inconsistent with the
huge cross-sectional area of the dust inferred in Sec. 4 from the comet’s reported integrated
brightness (Fig. 4). It is apparent from Iig. 1 that the debris in the dust trails contributes
much less light than the material distributed in the vast volume of space projecting in
the northerly direction from the trails. As illustrated inl}ig. 11, our model shows that
this whole space is a tail region, populated by particulates whose motions arc appreciably
aflected by solar radiation pressure, and that the angular distance from the train /trailsis
a measure of the particle acceleration 3 exerted by this radiation pressure, The apparent
discrepancies in observational evidence are reconciled, if the mass distribution of the debris
is assumed to become significantly steeper than m1dm for particles smaller than severa
centimeters in radius. A numecrical exercise shows tentatively that a mass distribution
somewhat st eeper than m :dm could explain the inferred large cross-sectional arca of fine
dust, without affecting the conceptual validity of the collisions] mode] and the estimate
for the size of the origina nucleus presentedin Sec. 7. Fine dust, released at, or shortly
after, breakup from (or along with) the fragments populating the train/trails, is predicted
to line up, on the comet’s images taken at the end of March 1993, along a position angle of
~280°, which matches closely thereported orientation of the tails issuing froin the major
fragments ('I’able 2). As shown in Fig. 11, each such line is described by the “parent”
fragment's angular distance, A*, reckoned alongthe nuclear train (and/or its extension)
from its middle, or, equivalently, by a scaled distance A* = 2A* /A, ,q, defined in the same
fashion as the length parameter A.
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The brightest portion of the tail region, confinedin¥ig. 1 to a relatively narrow band
along the northern side of the nuclear train, ismade up of particles the smallest of which arc
not more than ~150 umin size and subjected to radiation pressure accelerations of ~2%
of the solar attraction.By contrast, particles populating the areas most distant from the
trails, in the northwestern corner of Iig.1,are about 15 um or less in size and subjected to
radiation pressure accelerations of >20% of the solar attraction. Apparently, the comet’s
debris extends well beyond the limits of the fields inFigs. 1 and 11, both in the direction
of increasing radiation pressure (that is, decreasing particle size) and ‘(sideways’, toward
scale distances A\* > ), since equilibrium velocities acquired collisionally by microscopic
grains should, on the average, be higher than those of pebble-sizecl and larger particulate.

We close this section with four cominents. Even though the existing sets of orbital ele-

ments for P /Shoemaker- Levy 9 arc not accurate enough to study the long-term evolution
of the cornet, we made an attempt to integrate its motion back in time and found that while
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PROJECTED SPATIAL DISTRIBUTION OF DEBRIS
OF P/SHOEMAKER-LEVY 9
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F1G. 11. Schematic chart of the modeled spatial distribution of the debris of 1’/Shocmaker- Levy 9 on
1993 March 30.31 UT, projected onto the plane of the sky. The offsets in right ascension and declination
are reckoned in arcminutes from the middle of the nuclear train that is represented by the short double
bar. The west-southwestcrll and the east-northeastern extensions of the traiu arc the two trals, shown
by heavy lines. Their “reference’ lengths are, respectively, 10.5 and 6.3 arcinin, corresponding to A =25
and 17.6, at position angles of 257° and 73°. The latter trail’s orientation calculated on the assumption
of no radiation pressure effect is shown by the heavy dashed line. The light dashed lines running paralléel
to the dust trails are syndynames, or isolines of a constant particle acceleration 8 due to solar radiation
pressure, expressed in units of the solar gravitation] acceleration. The light dashed lines pointing toward
the west-northwest, at a position angle of ~280°, are the predicted loci of fine particles released, at the time
of breakup, from (or along with) the objects located at the intersection of these lines with the train/trail
and are identified by their scaled distance A*. The slope of these lines matches closely the observed tail
orientation of the major fragments (Fig. 1 and ‘I'able 2). Finally, the dotted line, dlightly inclined to the
train and the trails, indicates the boundary separating the population of fragments, to the south, that will
collide with Jupiter, from the debris that will miss the planet in 1994.




the comnet was in orbit about Jupiter for at least several revolutions, there was no close
approach prior to that in1992. The previous minimum perijove distance was ~130 Jupiter’s
radiiin 1989, implying that before ] 992 the comet experienced maximum tidal stresses
1 0°to10-%times smaller thanthoscon 8 July 1992 andthatit therefore could not have
split tidally before then.

We call attention to a potentially significant role of shape on the effective radit of
both the original nucleusandits fragments calculated from cross-sectional areas. The
assumption of spherical shape is convenient but demonstrably incorrect. Considering the
tendency for tidal fracture to proceed along planes that arc normal to the comet-- planet
line (Sec. 3), a disk-like shape should be more appropriate for the fragments, even if the
original nucleus were spherical. A disk-shaped fragment of a radius ftaisk and height Haisk
has anaverage Cross- sectional area of %w]{fmk q+ haisk)s Where haisk = Haisx / Haisk < 1 to
account for the large number of major fragients. Setting this expression equal to the cross-

sectional area, of a sphere, ﬂ]fzn,yic]ds Reg = Rdisk,/%(] +haisx) and with a conservative
estimate, hdisk ~ 0.3 to 0.4, we have Keg ~ 0.8 Raisk, S0 that the spherical approximation
underestimates the size. The eflect is even more pronounced in voluine considerations, from
whi ch one finds Ko = Haisk f@hggk and, with the above estimate fOr hdisks Fen < 0.7 Raick-

Meclosh and Schenk (1993) suggested that crater chains on Ganymede and Callisto are
impact signatures oOf comets that had tidally split near Jupiter prior to their collisions with
onc of the two satellites. We regard this hypothesis as credible because fo, the massive
fragments of I'/Shocmakcr- l.evy 9 the jovian radial diflerential Perturbations, which play
amajor role in the Melosh- Schenk scenario, appear to dominate the effects of the collisional
particle velocity distribution. Our point of disagrecment with Scotts and Melosh’s (1 993)
model IS therefore not primarily the issue of relative magnitudes of the radial-separation
and velocity-field effects on the formation of the nuclear train, but rather the authors’
invalid assumption that the breakup (ineaning the initiation of a systematic scparation of
the fragments) occurred exactly at perijove. We confirmed Melosh and Schenk’s (1 993)
conclusion) that rotational bursting alone could not explain the high degree of linearity
of the! observed crater chains. However, with the radial-separation effect dominating and
with initial rotational velocitics of kilometer-sized fragments collisions.lly randomized ant]
their magnitudes diminished (x} , <<1), wc doubt that the involved rotatiol)-velocity eflect
would show up prominently enoughinthe crater chains.

Finally, the low velocities (a few m/s) of the debris arc comparable with velocities
that theories of solar-system formation often accept as low enough to support accretion
of material and growth of sizable objectsin the primordial solar nebula (cf. Bailey et al.
1990 for a review). Hartmann’s (1 978) quoted laboratory experiments were undertaken
with these issues inmind. Considering especially the high spatial density inthe cornet’s
post- breakup environ ment, one wonders how reaistic arc these hypotheses of the solar
systemn origin when based on such accretion concepts. Accretion does not appear to work
efliciently in the presence of necarby massive perturbers and these concepts must therefore
explain how slowly accreting cometesimals avoided encounters with such objects during
the entire period of their gravitational collapse. While we cannot exclude the possibility
that some limited reassembling of the debris may have occurred locally in the dust cloud
of P/Shoemaker- Levy 9 after its breakup, the observations show beyond doubt that the
ultimate result of low-velocity particle interactions isathoroughly disintegrated object.
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9. PREDICTIONS FOR 1994

Our predictions for 1994 arc based on the nominal model presented in ‘1’able 6 and fall
into two categories: (i) ephemerides of the future motions of the debris and (ii) information
on the impacts.

Ephemerides. I'able 7 Offers the predicted apparent length and orientation of the nuclear
train between December 19, 1993 and July 17, 1994. The train’s length is defined as
the angular distance between the fragments A and W, observed by Jewitt et al. between
March 27 and July 17, 1993. The orientation of the train is defined as the position angle
of the great circle fitted through the 21 fragments. Although the orbital elements arc
based on astrometric observations of the train's midpoint, the calculations show that this
reference point determined from the 1993 observations will ‘(travel” along the train and
that its distances from the fragments A and W will not remain equal in 1994.

‘Jable 8 lists the predicted scparations of the fragments A through P ancl R through W
from the brightest fragment Q along the nuclear train for the same period of time as
Table 7. ‘I'his ephemeris should prove useful both for fragment identification when t he
comel reappears after its conjunction with the Sun and for fut urc improved pred ict ions,
especialy in the light, of Weaver et al.’s (1 993) remark on the multiplicity of several of
the fragments and the possibility of secondary fragmentation events (Sees. 7 and 8). Note
that, by definition, the sum of projected separations of the fragiments A and W from Q in
~'able 8 is equal to the train’slength in ‘.I'able 7.

Table 9 presents the predicted orientations and characteristic lengths of the two trails
and the talls. The trail endpoints arc defined by the adopted lengths of 6.3 and 10.5 arcmin
on March 30, 1993 for the ecast-northeastern and the west-southwestern trails, respectively.
The ephemeris for the cast-northeastern trail is calculated with Bena = 0.018 (Table 6).
Since theeffect of solar radiation pressure was determined from a subtle 4° deviation in
position angle and is therefore uncertain, scaled predictions for this trail are also given for
the case of B.,a = O to illustrate the effect’s changing signature in the coming months. Still,
the prediction in ‘1’ able 9 dots not describe the east-northeastern trail’s expected behavior
in sufficient detail. The calculations show that near the nuclear train this trail always starts
off in the first quadrant, but during June and July 1994 it will develop a sharp, V-shaped
turn at its tip, swinging in the opposite direction to join the other trail and the tails to

TABLE 7.Predicted apparent length and position angle for the nuclear train of P/Shoemaker- Levy 9
(reference frame J2000).

Date® " Posi- | Date® Losi- | Date” Posi- | Date® Posi-
Oh TDB Length tion | Oh TDB Length tion | 0" TDB Length tion | 0" TDB Length tion
1993/94 (arcsec) angle 1994 (arcsec) angle | 1994 (arcsec) angle 1994 (arcsec) angle

Dec19 121 2459 | Apt 8 268 24271 | June 7 414 244°1 | July 7 617 24278

Jan 8 136 244.1 18 288 2426 12 433 2440 9 651 2425
28 156 242.6 28 310 2430 17 455 2439 11 694 2422
Feb 17 181 2416 | May 8 333 2435 22 480 2438 13 751 2419
Mar 9 211 241.3 18 357 2438 27 513 2435 15 834 2413
29 247 2417 28 383 2440 | July 2 555 2432 17 976 240.5

¢ TDB is barycentric dynamical time; in October 1993, TDB o2 UT+4 60%2.
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form a gradually folding sector of material toward the west-southwest. The epheineris for
the tail region refers to a syndyname of 8= 0.02, which approximately defined the outer
boundary of the feature's brightest portion in late March 1993. Because of the continuing
dispersion of the debris in space, the trails and the tail region may appear, in1994, to be
fainter and/or shorter than predicted or they may not be detectedat al.

iImpacts. The orbital elements for the midpoint of the nuclear train (~'able 1) yield a
nominal collision time with Jupiter of 1994 July 21.20590 TDB (light time not included),
whose uncertainty has a standard deviation, ¢, of £7.1 hr. As time proceeds and more
astrometric observations arc added to the orbit solution, the impact time prediction will
become more accurate. To predict the rate of decreasein the impact time uncertainty, we
simulated future astrometric observations. We assumed one astrometric observation every
three days starting December 29, 1993, and daily observations in the last three days before
impact. The assumed observation accuracy was +1.3 arcsec (1 o). ‘Jable 10 presents the
impact time uncertainty as a function of the date of the last astrometric observation; the
first line of the table indicates the current uncertainty.

TABLE 9.Predicted apparent length and orientation for the dust trails and the tail region of
P/Shoemaker- Levy 9.

Fast-northeastern trail

West-southwestern ‘I"all region
Dat Beng = 0.018 Bena = 0 (assumed) trail (Bend = 0) (syndyname f3:=:0.02)
ate ---- - —_— - — —
0" TDB Length Position Length Position Length Position Length Position
1993/94 (arcmin) angle (aremin) angle (arcmnin) angle (arcmin) angle
Dec 19 12 45 16 66° 24 246° 9 276’
Jau 8 13 42 18 64 27 244 u 275
28 15 39 20 62 3l 243 13 273
Feb 17 17 39 24 61 35 242 15 272
Mar 9 20 40 28 61 41 242 17 271
29 24 44 34 61 47 242 19 269
Apr 8 26 46 37 62 51 242 20 268
18 29 49 40 62 54 243 21 267
28 32 51 44 63 58 243 21 266
May 8 35 53 48 63 61 244 22 265
18 39 56 54 63 65 244 22 263
28 43 57 63 63 68 245 23 261
June 7 50 59 67 59 71 245 24 260
12 54 60 49 56 73 245 24 259
17 61 61 33 51 75 245 25 258
22 71 61 20 41 7 245 26 257
27 49 58 9 6 80 245 27 255
July 2 30 54 12 289 83 244 28 254
7 13 39 23 265 86 244 30 253
9 7 13 28 261 88 244 a 252
11 6 305 33 258 90 244 32 251
13 12 271 38 256 92 244 33 251
15 19 260 44 254 94 244 35 250
17 26 254 50 253 97 243 37 249
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TABLE 10. Impact time uncertainty as a function of time.

Date of last Time before Impact time

observation impact uncertainty (1o)
1993 July 11 ~1yr 47.1 hr
1994 Mar 26 ~4 mo =426 min
Apr 23 ~3 mo 423 min
May 20 ~2)110 418 min
June 13 ~5% wk 413 min
July 14 ~1wk 47 min
)994 July 21 ~6 hr 43 min

While the. absolute uncertainty in the impact times of the 2] fragments is likely to
be somewhat larger than the uncertainty for the train’s midpoint, their errors relative
to the midpoint’s reference time arc considerably smaller, typically 410 or so minutes.
The relative impact times arc listed in Table 11. The impacts arc predicted to occur on
the far side of Jupiter as viewed from Earth, at jovigraphic latitudes ranging from -410
to —47° (equivalent to jovicentric latitudes between --37° and —43°) and at meridian angles

TABLE 11. Predicted relative times of impact for the 21 fragments of P/Shoemaker- Levy 9
and probabilities of favorable satellite configurations.

Probability of favorable satellite configuration®
impact time® - - -

Yragment (days) 10 Europa Ganymede Callisto
A -2.7303-0.006 0.47 0.05 0.02 1.00
B -2.4673.0.008 0.76 0.24 0.00 1.00
c —2.271 4 0.006 0.79 0.47 0.00 1.00
D -2.084 + 0.009 0.66 0.71 0.00 1.00
E — 1.9404 0.004 0.48 0.85 0.00 1.00
F --1.56740.012 0.10 0.99 0.00 1.00
G —1.260 + 0.006 0.14 0.98 0.00 1.00
H -0.767 4 0.004 0.69 0.68 0.00 1.00
J -0.4733.0.011 0.78 0.30 0.00 0.98
K —0.150 + 0.004 0.46 0.05 0.02 0.82
L +0.344 4.0.004 0.05 0.00 0.32 0.23
M -+0.6754 0.016 0.29 0.02 0.74 0.03
N <+ 0.830+ 0.004 0.48 0.05 0.88 0.01
p +41.040 4 0.011 0.72 0.17 0.97 0.00
Q’ -1 1.245 £ 0.005 0.79 0.40 0.99 0.00
R + 1.640+ 0.006 0.43 0.86 1.00 0.00
S +2.057+ 0.014 0.06 0.99 1.00 0.00
1 +2.155 4 0.012 0.06 0.99 1.00 0.00
u + 2.336+ 0.009 0.17 0.98 1.00 0.00
v +2.605+ 0.016 0.48 0.87 1.00 0.00
W +2.745 40.006 0.65 0.74 1.00 0.00

}.

®Relative to the midpoint’s reference time, for whit}, om current estimate is1994 July 21.24 0.3(1 o ) TDB.
"Occultation.s by Jupiter not taken into account.
¢ Brightest fragment.
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ranging from 34° to 37° pastlocal midnight. The Sun-fragmen t—Jupiter center angles
at impact will vary between 510 and 57° and the Karth- Jupiter center-fragment angles
between117( and 122°. We caution that the tabulated sequence of impactsis based on the
current knowledge of 2] major fragments. If some of the fragments began to develop into
multiple systems, as suggested by Weaver et al. (1993), Tables 8 and 11 may soon require
numerous revisions and/or additions,

The predicted impact-time distribution for the 2] fragments is plotted in Fig. 12, show-
ing peaks at both ends of the nuclear train and a broad minimum in the middle. The
histogram, reflecting the distribution of fraginents along the train, is presumed to be a sig-
nature of tidal fracture of the comet’s progenitor nucleus and will hopefully contribute to
a better understanding of the breakup mechanism, even though its interpretation-- save
unlikely ad hoc models, such as a dulnbbcll-shaped or a binary nucleus- does not. appear
to be straightforward, Another interesting feature of Fig. 12 is the apparent tendency for
most of the fragments to clump into groups;note, in particular, the threw clusters of five
fragments cach, A-N, |,- Q,and SW.

There is generalinterest in observing reflections, froin the surface of favorably located
jovian satellites, of the luminous energy released during the fireball explosions, brought
about by the individual fragments plunginginto the planet’s atmosphere (€. g., Sekanina
1993). Since the scatter inthe impact sites of the 21 events in the nonrotating jovicentric
coordinate systcm is only afew degrees, the impact times account for virtually all the
uncertainty involved. At present this uncertainty is still too large to predict with confi-
dence al the satellite configurations relative to the local horizon at the critical times. This
is particularly true for 10 and, to a lesser degree, Furopa. To assist in the planned observing

T ] ' T T I T T T T
IMPACT TIME DISTRIBUTION OF
21 MAJOR FRAGMENTS OF
P/SHOEMAKER-LEVY 9

A Cc F G HJKLMNPQOQ RSTT\T
I

IO T YT

W F1G. 12. Histogram Of the impact
( times predicted for the fragments
of P/Shoemaker-Levy 9. Our best
estimate for the reference time,
1994 July 21.24 0.3 (16) TDB, is
subject to future refinements. The
upper part of the figure depicts the
impact events of the 21 fragments
by their letters. The heaviest mark
identifies the brightest fragment Q,
whereas the medium heavy marks
show tbc 10 additional fragments
measured by Weaver et al. (1993)
and the light ones the 10 remaining
fragments.

NUMBER OF FRAGMENTS (per 0.8 day interval)

0 +1 +2
TIME OF IMPACT (days from referencetime)
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efforts to the extent possible under the circumstances, we established, separately for each of
the four Galilean satellites, the probability of favorable conditions for each of the 21 events.
i Oiwy and Gimp arc the nominal values for the meridian angle (reckoned cast ward from
the local midnight) and the jovigraphic latitude at the site of the explosion, a satellite will
be above the horizon when it is situated within an orbits] arc bounded by the meridian
angles O~ = Q;,,, - AO and O1 = Oip + AO, where

I3y/1 0 0 —€3)?) sin® iy,
cos A@ = J\/ 2l i

42
"4 COS <f)imp ( )

bl

Ry is Jupiter's equatorial radius, ¢; its polar flattening, and r» the satellite’s orbits] radius.
An impact time uncertainty, defined by its standard deviation o, can conveniently be
measured in terms of a standard deviation gg Of the equivalent uncertainty of the meridian
angle of a satellite that orbits in the planet’s equatorial plane. If the satcllite’s calculated
meridian angle at the nominal impact time is ©x, the likelihood that it will be above
the local horizon at the actual impact tiine is measured by the area of the probability
curve, which is centered on@®,, whoseshapeis characterized by the standard deviation
oe, and whose boundaries, given by ©~and ®1, are in general asymmetrically situated
with respect to ©4. Disregarding occultations by Jupiter, the probability 1] of afavorable
configuration of a satellite whose synodic orbital period about Jupiter is P, is

o1 Q. 2
1= Const/ cxp[- ('O—(;*—l do, (43)
6~ 209 1

where og = (22 / Py, )o, the current value of ¢ is 7.] hr (Table 10), and the normaliza tion
constant is determined by a condition that Il =1 when the integration is carried out from
--00 t0 +o00. Defining AOx == Ox — Oimp, the expression for 11 can be rewritten thus:

AO+4 AOy I AO—-AOs P,
11 = ef|{ —.— . _iyl_'_ of — — T A 44
2[ ( o/ =3 —{(rf( ~ 2 )y (44)

where AO from (42) and AOy arc in radians, F,y, iS in the same units as o, and the
probability integral is

92 €
orf ()= —27 /0 exp(- v?) dy. (45)

The effect of inherent indeterminacy of the solution for satellites whose orbital period is
not at lcast a factor of 10 or so greater thanthe standard deviation o of the uncertainty
in the 1mpact time is reflected in the maximum and minimum probabilities Il,,.x < 1 and
Unin >0. I'heir values are obtained by setting A@, in (44) equal to O and 4%, respectively.
With the relevant constants for Jupiter and its satellites taken from Seidelmann (1 992), we
find Ilax = 0.80 and I, = 0.04 for 10, but 0.993< Il,.. <1 and I, <0.001 for the
other three satellites. We also point out that an event observable at a 1o confidence level
corresponds t0 11 = 0.84, at a 2o level to 1 = 0.977, and at a 30 level to 11 = 0.999. No
such eveniscan at present be predicted for 10 and no 30 level events for Kuropa.
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The calculated probabilitics 11 for the 21 events are listed in columns 3-6 of ‘1'able 11.
The probabilities referring to events predicted at 220 confidence level are underlined. One
can see from the table that Callisto is expected to be favorably situated for the early
impacts, which will involve the fragments A-11 and perhaps aso J, while Ganymede for
the late impacts, involving the fragments R- W, perhaps also P and Q, and possibly even N.
‘1’ here is a good chance that observations of uropa could be used to gain information on
the impacts of the fragments ¥, G, S, T, and 11, and pa-haps even E, R, and V. Although
lo will be situated favorably for at least a few impacts, their predictions arc at this time
still uncertain. The possible candidates arc the fragments C, J, and Q (the brightest one).
At present it appears that, in terms of the configuration of the Galilean satellites, the least
favorable circumstances will pertain to theimpacts of the fragients K- M, although this
could change if our absolute impact times are in error by more than 10.

The impact circumstance for the debris outside the nuclear train arc more diverse than
the conditions for the 2] maor fragments, as seen from a summaryin g able 12. Our
caculations indicate that only a small fraction of the volume occupied by the comet's
material contains debris that will collide with Jupiter in 1994. These particulates arc
subjected to radiation pressure accelerations not exceeding a critical value Bt which
depends on the scaled distance A*. Yorthe comet’s image taken on March 30, 1993
(Fig. 1), the boundary between particles that will strike the planct in 1994 and those that
will miss itis represented inFig.11 by a dotted curve, which can very closcly be matched
by the following relation between A* and the critical radiation pressure acceleration Berit:

At A\
erit = , S 004136 (—| , 46
Berit = 0.00345 T 0.01968 (]00) 4 0.0 (] 00) (46)

where the upper sign of the linear term applies to the east-northeastern trail and the

lower signto the west-southwestern trail. however, along the east-northeastern trail this
formula is valid only at points whosc A* dots not exceed 18.2, a value that is slightly

TABLE 12. Predicted circumstances at the cornet’s encounter with Jupiter in1994.

Feature Scaled Radiation pressure Result of encounter

identification distances A* accelerations g with Jupiter

East-northeastern trail >2.8 All Miss

and associated tail region <2.8 LBerie® Impacts on July 15-18
_<28 >ﬁcrita Miss

Nuclear train <1t 0 Iinpacts on July 18-23

and associated tail region <1t <Berit® Impacts on July 18-26
S]b >ﬁcritc Miss

West-southwestern trail <25 0 Impacts on July 23- Ott. 2

and associated tail region <25 LB Impacts on July 23-Ott. 9
All >Beri® Miss

@ Beritvariesfrom 0.0029 for A* = 2.8 to 0.00325 at boundary with nuclear train (A*=1).

* By definition.

¢ Berivvaries from 0.00325 at eastern end to 0.00365 at western end of train.

4 Berisvaries from 0.00305 at boundary with nuclear train to 0.0086 at trail’s adopted endpoint (\* = X = 25).
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greater than the trail’s adopted length factor in g'able 6. Any particles that may have A*
larger than this limit will miss Jupiter in ] 994. Since the observations suggest that particle
accelerations g aong this trail increase, apparently linearly, with increasing distance from
the nuclear train, a relation 8= 0.001023~* is implied between the two quantities, as seen
from Fig. 11. The impact boundary curve intersects this trail at apoint given by A\*=2.8
and B.; = 0.0029. ‘Jhis will be the comet’s first debris to strike Jupiter, just three days
or so before the arrival of the fragment A. The predicted jovigraphic latitude of the first
impacts is about 4+40°, the meridian angle ~50° cast of the local midnight, and the angle
between the Earth and the impact site mcasured from Jupiter's center ~1 15°, so these
carly events will again take place on the planet’s far side.

All the debris distributed aong the west-southwestern trail will collide with Jupiter
(Fig. 11), but not until after the major fragments. For this trail’s adopted length factor
A=25 ("l'able 6), the impacts arc predicted to continue for NZ% months, fromlate July
through early October 1994, and the impact sites to be strongly time dependent. The
jovigraphic latitude is expected to be about --sO°in late July, — 60° in the second half of
August, back to —45° ininid-September and to --15° at the beginning of October. During
thesame period of time, the meridian angle isS predicted to increase gradually from ~40°
al the way to~110" east of thelocalmidnight.Onthe other hand, the angle subtended
by the directions to Karth and to the impact Sites, as viewed from the center of Jupiter,
is predicted to decrease from ~110° to ~60°. The impact sites will pass from the planet’s
far side to its near side on August 21, from which time onimpacts will be observable from
Earth directly, provided the magnitude of these events has reached the detection threshold.

From the critical radiation pressure accelerations f3.,;, Of the tail particles it follows that
only those larger than ~0.]1t0 ~1mmin radius will collide with Jupiter. The impact sites
will depend strongly on both the impact time and the particle acceleration 3, except for
particles sub jected to accelerations near fq. These will strike the planet on the far side,
at ajovigraphic latitude of about 4-40° aud a meridian angle of 45° to 50° east of the local
midnight regardless of the impact time; in these cases the angle between the impact point
and Earth, measured at Jupiter's center, is115° to 120°.

W have not examined the trails and the tail regions that correspond to scaled distances
A larger than the length factors adopted in ‘1’able 6,because of the expected severe
depletion of the particle population. However, all such debris distributed to the northeast
of the comet will miss Jupiter in ]994, while that confined to a narrow band along the
west-southwestern trail will strike the planet during October and the following months.

Even though the fragments and other debris of P/Shoemaker-Levy 9 that will collide
with Jupiter occupy an extremely limited volume of space, they contain virtually all the
mass of the progenitor cornet, estimated at 7 x 10'® g at an assumed density of 0.2 g/cm?®.
A little more than 10% of this mass will be dissipated in the jovian atmosphere by the
various components Of the brightest fragment during a fcw closely spaced events, probably
on July 22, 1994, somewhat more than 80% will be delivered by the 20 remaining fragments
during a period Of less than 6 days, or: July ] 8-23, 1 994, and the rest, some 5%, by the
submillimeter- to subkilometer-sized debris between mid-J uly and early October 1994,
Only limited activity might occur before the beginning and/or after the end of this period
of time. Much of the microscopic debris, in particular al micron- and suhmicro:k-sized
particles (with the exception of extremely tiny grains, <<0.1 pmin size, which, if present,
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would essentially be unaffected by radiation pressure)will miss not only the planet, but
the entire jovian system. The particulate debris that will be injected into the spherical
volume of space between the planet and the orbit of Callisto will consist of grains subjected
to solar radiation pressure accelerations of fF.; < 8 < 0.04, whose typical sizes are between
several tens of microns and <0.1 cm and which arc estimated to carry an extremely small
fraction, perhaps on the order of <10’0 the comet’s mass, or a total of only several
tons or less. Proportionatcly less mass will be injected by the comet into the smaller
volumes of space, bounded by the orbits of the satellites interior to Callisto. It is therefore
questionable whether this amount Of dust will suffice to trigger major phenomena in the
jovian magnetosphere and/or in the charged environment of lo’s torus. If not, any possible
disturbance of this type would be duc to short-terim interactions involving the material
about to strike the planet.

Much of what wc have predicted for the fate of comet Shoecmaker- Levy 9 is based
upon an orbit solution computed {romn astrometric observations of the train’s midpoint.
This reference point has no large fragment associated with it nor does it represent the
cornet’s center of mass.  As pointed out in thebeginning of Sec. 9, the motion of the
midpoint, computed from 1993 observations, will not correspond to its motionin 1994 duc
toincreasing differential perturbations between the tramn ‘s endpoints, In the future, we
strongly cncourage observers to provide astromnetric observations Of individual fragments
with respect to background stars. Astrometric observations for al the fragments would
be very helpful in predicting the train’s evolution. lowever, since the predicted relative
positions of the fragments arc likely to be more accurately determined thantheir individual
inertial positions, astrometric observations of on]y a few of the brighter fragments will
improve the position accuracy for all of them. |In addition, we encourage observers to
provide position angle and angular separation observations for individual fragiments with
respect to the brightest fragment.

Our investigation describes and interprets the complex character of the processes re-
sponsible for the highly unusual appearance of P/Shoemaker-1. evy 9 and provides infor-
mation on the various phenomena expected during the comet’s forthcoming encounter with
Jupiter. Even though it is obvious that for all practical purposes the comet will cease to
exist in 1994, much of its finer debris will escape the doomed fate of the large fragments
and will also avoid any interaction with the jovian magnetosphere and 10’'s torus. Most
of the microscopic debris will apparently end up in widely scattered orbits controlled by
a continuing tug of war between the gravitational fields of Jupiter and the Sun.

Wec thank 1). Jewitt for communicating his astrometric measurements of the individual
fragments on the comet’s images taken by himself, J. Luu, and J. Chen. We also thank
11. A. Weaver for in-depth information on the images obtained with theHubble Space Tele-
scope and J. V.Scotti for providing us with theimage of P/Shoemaker- Levy 9 which is
reproduced in Fig.1. We arc grateful to IX.F. Helin and W. Z. Wisniewski for informing
us on their images of the comet, which we used for feature measurements reported in Ta-
ble 2. ‘I'his research was carried out by the Jet ]'repulsion laboratory, California Institute
of Technology, under contract with the National Aeronautics and Space Administration.
Partial support was provided by NASA through Grant GO-5021 .01-92A from the Space
Telescope Science Institute, which is operated by the Association of Universities for Re-
search in Astronomy, Inc.
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